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ABSTRACT 
Di-µ-chloro(arene)ruthenium complexes of general formula 
[RuC1 2 (arene)] 2 have been prepared by dehydrogenation of the 
appropriate cyclohexa-1,3-diene or cyclohexa-1,4-diene with 
ethanolic ruthenium trichloride. The hexamethylbenzene 
derivative [RuC1 2 (C 6Me 6 )] 2 has been prepared by reaction of 
[RuC1 2 (1,5-C 8H 12 )] with hexamethylbenzene. The complexes n 
[RuC1 2 (arene)] 2 react with ligands (L) such as pyridine, tertiary 
phosphines, arsines or phosphites to give monomeric complexes 
RuC1 2 (arene)L. Single crystal X-ray studies of the monomeric 
arene rings which are suggested to arise from the trans bond 
weakening effect of the phosphine ligand. 
Reaction of [RuC1 2 (arene)] 2 (arene = benzene or p-cymene) 
with water gives the binuclear tri-µ-chloro cationic species 
[RuC1 2 (mesitylene)] 2 reacts with ethanol, 
methanol or water in the presence of base to give the 
tri-µ-alkoxy cationic species [Ru 2 (0R) 3 (mesitylene) 2 ]+ 
(R = Et,Me, or H respectively). A similar reaction with 
iso-propanol gives a cationic µ-hydrido complex. 
RuCl(H) (mesitylene) (PPh 3 ) has been prepared by the reaction o f 
[RuC1 2 (mesitylene)] 2 with triphenylphosphine, aqueous iso-propano l 
and base (Na 2 C0 3 ). Another method for the preparation of 
RuCl(H) (arene)L is to treat RuC1 2 (arene)L with sodium 
rnethoxyethoxyaluminium hydride. Reaction of [RuC1 2 (arene)] 2 with 
silver tetrafluoroborate in acetonitrile gives [Ru(arene) (Me CN) 3 ] 2 ~ 
Halide exchange reactions on [RuC1 2 (arene)] 2 and RuC1 2 (arene)L 
(L = tertiary phosphine) have given the di-iodo derivatives, 
although bromide exchange does not go to completion, a mixture 
of dibromo and bromo(chloro)derivatives being obtained. The 
n 
complexes RuC1 2 (arene)L (L = PBu3 or PPh 3 )undergo partial or 
complete arene exchange on heating or on u.v. irradiation in an 
aromatic solvent, co-ordinated p-cymene being the most easily 
displaced. The exchange method can be used to prepare 
n hexamethylbenzene complexes, e.g. RuC1 2 (C 6Me 6 ) (PBu~). 
Treatment of RuC1 2 (arene)L with methyllithium gives a mixture 
of dimethyl and chloro(methyl) derivatives and with 
methylmagnesium iodide gives the iodo(methyl) and dimethyl 
derivatives. The dimethyl derivatives are thermally unstable 
and air-sensitive. 
The reaction of [RuC1 2 (arene)] 2 or RuC1 2 (arene)py 
(arene = benzene, mesitylene, or hexamethylbenzene) with M2 C8 H8 
(M = K,Na, or Li) gives the ruthenium(O) complexes Ru(arene) (C 8 H8 ) 
in which the C8 H8 ring is bonded in the l,2,3,4-n 4 -mode. 
Treatment of Ru(arene) (C 8 H8 ) with ligands L 
(L = CO,PF 3 or PMe 2 Ph) gives mixtures of products in low yield 
and only Ru(C 8 H8 ) (CO) 3 has been characterised. Treatment of 
Ru(arene) (C 8 H8 ) with acid leads to a remarkable dehydrogenation 
reaction in which the hydropentalenyl group is suggested to be 
formed. 
CHAPTER I 
INTRODUCTION 
The chemistry of organo-transition metal complexes has 
been extensively studied in the last twenty years or so. 
Although the first olefin-metal complex was reported in 1827 
by Zeise1 , and the first diolefin-metal complex in 1908 by 
Hofmann and von Narbutt2 , the chemistry of transition 
metal TI-complexes only began to be investigated and properly 
understood in any detail after the preparation3 ' 4 and structural 
characterisation5- 9 of ferrocene in 1951. Only after this was 
the true structure of bis(benzene)chromium and its substituted 
benzene analogues appreciated10 , although they had been 
prepared as long ago as 1919 by Hein11 . 
Many other significant developments in the chemistry of 
transition metal TI-complexes were reported during the 1950's, 
for example the isolation of benzenechromium tricarbonyl in 
195712 , the preparation of cyclohexa-1,3-dieneiron tricarbonyl 
in 195813 , and the preparation14115 in 1959 of a 
cyclobutadiene-metal complex, this providing the first example 
of the stabilisation of an inherently unstable organic moiety 
by co-ordination to a transition metal. 
Transition metal TI-complexes with aromatic ligands, that is 
with planar carbocyclic ligands having (4n+2)IT-electrons, are 
known for three-,four-,five-,six-,seven-, and eight-membered 
rings. These aromatic groups are shown in figure 1.1. 
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Figure 1.1 Aromatic groups for which transition metal TI-complexes 
are known 
This introduction gives a brief survey of some of the 
complexes containing these aromatic ligands followed by a more 
detailed review of the chemistry associated with arene-transition 
metal complexes.* 
Transition metal complexes with aromatic ligands. 
Transition metal TI-complexes of three-membered 
carbocycles have only recently been prepared. The nickel complex 
[NiBr(CO) (C3Ph 3)] was the first example reported16 . n 
Subsequently, the symmetrical trihapto character of the bonding 
between the c 3Ph 3 group and nickel has been confirmed by X-ray 
crystallographic studies of NiCl(n 3-c 3Ph 3) (py) 2 17 and the 
sandwich complex Ni(n 5-C5H5) (n3-C3Ph3) 18 . 
Although cyclobutadiene,C 4H4 , is unstable in the free 
state, it can be stabilised by co-ordination to a transition 
metal atom, as was predicted in 195619 . An example is the 
chloro-bridged nickel compound [NiC1 2 (n 4 -C 4 Me 4 )] 2 , prepared by 
the reaction of 1,2-dichlorotetramethylcyclobutene with 
nickel carbony114115120 . The unsubstituted cyclobutadiene 
*Throughout this thesis the term arene is used to denote benzene 
or substituted benzene derivatives only. 
group has been stabilised by co-ordination to iron tricarbonyl 
. . · 1 t' 21 in a simi ar reac-ion . The aromatic character of the 
cyclobutadiene ring in these complexes is indicated by its 
ability to undergo several electrophilic substitution 
reactions 22 - 24 . 
Cyclopentadienyl-metal complexes are known for all the 
d-block transition metals except silver; numerous mixed 
complexes containing a wide range of other ligands such as 
carbonyl, tertiary phosphines, and halides are also known, and 
h b h b . f . 25-31 h . ave een t e su Ject o many reviews • Te organic 
chemistry of ferrocene has been extensively studied32 and 
provides ample evidence for the aromatic nature of the 
cyclopentadienyl group. 
Arene-metal complexes are dealt with in detail later in 
this chapter. 
Relatively few complexes containing planar seven-membered 
carbocyclic ligands are known 33 . The planarity of the 
seven-membered rings in, for example, 
34 + 35 
Mo (n 7 -C 7 H7 ) (C 6 F 5 ) (CO) 2 , [Mo (n 7 -C 7 H7 ) (CO) 3] , and 
V(n 7 -C 7 H7 ) (n 5 -C 5 H5 ) 36 , and their symmetrical bonding to the 
metal atom, have been shown by X-ray structural analyses. 
Cyclooctatetraene is not itself aromatic, but exists in 
a tub conformation with virtually no IT-electron delocalisation. 
It forms a number of compounds in which it acts as a 4IT-electron 
donor, co-ordinating to transition metals as a 1,3-diene or 
1,5-diene moiety (see Chapter 4). However there are a few 
3 
complexes in which it acts as a planar aromatic ligand. 
Bis(cyclooctatetraene)-complexes are known for some actinide 
h · 37 d h . 38 d h 1 . elements sue as uranium an t orium , an t e p anarity of 
the carbocyclic rings in these complexes has been shown by 
1 d . 39 X-ray structura stu ies . Examples of symmetrical 
C8 H8 -metal bonding toad-block transition metal are found in 
h · · l · ( ) 40 d . ( ) 41 t e titanium comp exes Ti 2 C8 H8 3 an Ti CsH 8 2 • 
In Ti 2 (C 8 H8 ) 3 , a planar C8 H8 ring is symmetrically co-ordinated 
to each titanium atom, the remaining C8 H8 ring acting as a · 
bridge between the two Ti atoms. In Ti(C 8H8 ) 2 , one ring is 
planar and symmetrically co-ordinated to the Ti atom, while the 
other ring is boat-shaped and is bonded to the Ti atom in a 
1,3-diene mode. 
4 
The number of stable transition metal complexes containing 
aromatic ligands decreases markedly in the order 
- + 2-
C5H5>C5H6>C7H7>C9H9 . This may be related to the charge on the 
ring in relation to the positively charged metal ion, and also 
to the fact that as the size of the planar ring increases the 
metal-ring distance must decrease in order to maintain a 
reasonable overlap of metal orbitals with ring IT-orbitals. This 
will be especially important for a planar eight-membered ring 
where the overlap of bonding orbitals is difficult to achieve, 
and it is not surprising that the bonds in complexes containing 
2-
CsHs are predominantly ionic. Also, there will be a reluctance 
for a metal atom to accept all the IT-electron density of a 
2-
CsHs ring, and so the preponderance of complexes containing 
non-planar C8 H8 rings is understood. The small number of known 
cyclobutadienyl-metal complexes may be attributed to the lack of 
suitable organic starting materials, and a wider range of such 
comp lexes may be expected in the near future. It has been 
concluded 42 o n the bas i s of overlap integrals and relative 
magnitudes of Coul omb terms that the most stable complexes of 
transition metals with plana r CH rings should occur for 
n n 
n=S or 6, and that stabil i ty should decrease as n increases. 
Arene-Transition Metal Compl e xes. 
Several reviews on arene-transition metal complexes have 
b bl . h d25,26,30 , 43 - 46 Th f th' t' · een pu is e . e purpose o is sec ion is 
to outline the more general poin ts concerning the preparation, 
structure, bonding, and reactions of arene-transition metal 
complexes to provide a background for the arene-ruthenium 
chemistry described in the f ol lowing chapters. 
The first arene-transition metal complex reported was 
Rein's "hydrate of pentaphenylchromium hydroxide" in 191911 , 
although it was not until 19 5 410 that this and related 
"polyphenyl" chr omium c ompounds were recognised as being 
bis(arene)IT-comple xes . Table 1.1, which lists some of the 
known bis(arene)-metal compl e xes, indicates the wide range of 
such complexes which have been isolated in the last fifteen 
years or so. 
The most g e neral p r o cedure for the preparation of 
bis(arene)-metal complexe s is the reducing Friedel-Crafts 
synthesis, devised by Fischer and Hafner47 , in which the 
a nhydrous me t al chloride is treated with the required arene 
in the presence of aluminium and aluminium chloride. In 
general, the r esultant cationic complex may be reduced by a 
variety of me thods to the uncharged species. Equations 1 and 2 
5 
TABLE 1.1. 
VANADIUM 
V(C5H5)2 
+ [V(C5H3Me3)2] 
Some bis(arene)-transition metal complexes 
CHROMIUM 
Cr(C5H5)2 
+ [Cr(C5H5)2] 
MOLYBDENUM 
Mo(C 6H6 ) 2 
+ [Mo(C5H5)2] 
TUNGSTEN 
W(C5H5)2 
+ [W(C5H5)2] 
MANGANESE 
+ [ Mn ( C 6 H 6 ) ( C 6 Me 6 ) ] 
TECHNETIUM 
+ [Tc(C5H5)2] 
RHENIUM 
[Re(C5H5)2]+ 
IRON 
Fe(C 6Me 6 ) 2 
+ [Fe(C 6Me 6 ) 2 ] 
[Fe(C5H5)2]2+ 
RUTHENIUM 
Ru(C 6Me 6 ) 2 
[Ru(C5H5)2] 2 + 
OSMIUM 
[Os(C5H5)2] 2+ 
COBALT 
Co(C 6Me 6 ) 2 
+ [Co(C 6Me 6 ) 2 ] 
[Co(C 6 Me 6 ) 2 ] 2+ 
RHODIUM 
+ [Rh(C5Me5)2] 
[Rh(C 6Me 6 ) 2 ] 2 + 
O'I 
7 
Al/AlC1 3 + Na 2S 204/KOH 
CrC1 3 > [Cr(C6H6)2] ) Cr(C5H6)2 •.• ( 1) 
C5H5 
FeCl2 
Na2S204/KOH + 
~~~~-)~ [Fe(C 6Me 6 ) 2 ] 
lNa2S204/KOH 
Fe(C 6Me 6 ) 2 
••• ( 2) 
give specific examples of the preparation of Cr(C 6 H6 ) 2 and 
Fe(C 6 Me 6 ) 2 respectively, where the reduction of the cationic 
bis(arene)-metal complexes is achieved by treatment with 
alkaline sodium dithionite. Another procedure which has 
retained its importance is the original method used by Hein11 
to prepare bis(arene)chromium complexes by treating chromium 
chloride with phenylmagnesium bromide (Equation 3). 
• •• ( 3) 
As indicated later in this chapter, a large proportion 
of the studies on arene-metal complexes has been concerned with 
arene complexes of the Group VI metal tricarbonyls. These 
complexes are conveniently prepared either by refluxing the 
metal hexacarbonyl and the required arene in a high boiling 
48 
solvent , or by treatment of a substituted chromium carbonyl 
complex with the arene in the presence of boron trifluoride 
(Equation 4) 49 . 
L - pyridine, s- or y-picoline 
• •• ( 4 ) 
8 
X-ray studies show that bis(benzene)chromiurn adopts a 
sandwich structure in which the two benzene rings are eclipsed, 
while the arene-metal tricarbonyls adopt a half-sandwich 
structure in which the configuration of the carbonyl ligands with 
respect to the carbon atoms of the ring depends on the 
substituents of the ring (see Chapter 2). There has been much 
discussion concerning the planarity and carbon-carbon bond 
lengths of the benzene ring in arene-transition metal complexes. 
An early X-ray analysis 50 of bis(benzene)chromium suggested 
alternating long and short carbon-carbon bond lengths for the 
51 benzene rings, but a later, more accurate, study at 100K 
0 indicates that the C-C distances are all equal to within O·OOlA. 
However, a recent neutron diffraction study52 has indicated that 
the benzene rings have alternating C-C bond lengths of 
0 
1·406 and 1·424A and are slightly puckered. An electron 
diffraction study53 of gaseous bis(benzene)chromium suggests 
that the benzene rings are planar, regular hexagons. Although 
54 
early work suggested that the benzene C-C bond lengths in 
Cr(C 6 H6 ) (C0) 3 were of equal lengths, a recent study55 carried 
out at liquid nitrogen temperature indicates slight, but 
significant alternation, indicative of partial electron 
localisation. This is discussed further in Chapter 2. 
Partial electron localisation in some cyclopentadienyl-
56 
metal complexes has also been postulated . Statistically 
significant variations in metal-ring carbon distances for some 
cyclopentadienyl-metal complexes have been found, however 
variations in C-C distances for the cyclopentadienyl ring have 
to be treated with some caution since the accurate determination 
of these distances is precluded by a large librational motion 
of the c 5H5 ligand and hence errors are often underestimated. 
Nevertheless, there are numerous examples where the C-C bond 
lengths vary inversely with the metal-ring carbon distances, 
that is, the longest C-C bond length is between those carbon 
atoms of the ring which are nearest to the metal atom. This is 
exemplified in the following complexes: 
Rh(n 5-c 5H5) (2,3-dichlorobutadiene) 57 , Rh(n 5-C 5H5) (C 2 F4) (C 2 H4) 58 , 
Rh(n 5-C 5H5)(n 4 -C 4 Ph 4 ) 59 , Mo (n 5 -C 5H5)(CO) 3 (C3F7)GO, and 
Mo(n 5-C 5H5) (C0) 2 (COMe) (PPh 3 ) 61 . The tilting of the C5H5 ligand 
in these complexes has been attributed to both trans bond 
weakening effects and to steric repulsions. Thus, for example, 
0 
in Rh(n 5-C 5H5) (C 2 F 4 )(C 2 H4 ), the C5H5 group is 0·074A further 
from the rhodium atom on the side trans to the C2 F 4 ligand 
(C 2 F 4 has a stronger trans influence than C 2 H4). In 
which is staggered with respect to the C4Ph 4 ring which is 
nearer to the rhodium atom than those carbon atoms of the 
C5 H5 ring which are eclipsed with respect to the C4Ph 4 ring. 
62 63 Mo(C 5H5) 3 (NO) and MoCl(C 5 H5) 2 (NO) both have 
unsymmetrically bound C5H5 rings with Mo-C(ring) distances 
0 
ranging from 2·32 - 2·68A. The structures of these two 
complexes indicate that a formal (n 5-C 5H5) (n 3-C 5H5) arrangement 
is not present since all carbon atoms of the rings are within 
bonding distance of the molybdenum atom, but that the Mo-C bond 
lengths and presumably bond strengths vary quite considerably. 
Bonding in olefin- and arene-metal complexes 
The bonding in metal-hydrocarbon IT-complexes is understood 
at least qualitatively in terms of the Dewar-Chatt-Duncanson 
9 
model, which was first applied to metal-olefin complexes. In 
this model, the bonding may be simply expressed as being a 
combination of two components - the overlap of the filled 
IT-orbital of the olefin with a vacant orbital of suitable 
symmetry on the metal (the a-component), and the overlap of a 
filled d or dp hybrid orbital on the metal with the vacant 
* anti-bonding IT -orbital of the olefin (the IT-component). The 
degree of a- and IT-contributions to the metal-olefin bond varies 
with the metal, the particular olefin, and the other ligands on 
the metal. The two extremes, that is a metal-olefin bond with 
only a a-component and one with only a IT-component, are shown 
diagrammatically in figures l.2(a) and (b) respectively. 
M 
(a)a-component only (b) IT-component only 
Figure 1. 2. 
Olefin complexes of the type shown in figure l.2(a) would 
be expected to be formed by metals in high oxidation states 
bonded to olefins having electron-releasing substituents, the 
other ligands on the metal being electronegative. Conversely, 
olefin complexes of the type shown in figure l.2(b) would be 
stabilised by metals in low oxidation states bonded to olefins 
having electronegative substituents, the other ligands on 
the metal being electron-donating. However, an accurate 
10 
description of the bonds in the vast majority of metal-olefin 
complexes will lie somewhere between these two extremes. 
In general, this idea of a two-component metal-olefin 
bond may be extended to describe metal-arene bonds, but the 
situation is more complicated. 
A consideration of the symmetry of a molecule followed by 
the application of group theory enables the determination of 
which orbitals can combine to give molecular orbitals. Only 
those ligand and metal orbitals which have the same symmetry 
properties can overlap to form bonds. Although this aspect of 
the metal-arene bond description is rigorous, the difficulty 
arises in determining the relative energies of the molecular 
orbitals. As an example, the bonding in bis(benzene)chromium 
will be considered. An approximate energy-level diagram has 
been constructed for bis(benzene)chromium assuming that the 
. 64 65 
molecule has n6h symmetry (Figure 1.3) ' , so that the ground 
state configuration of Cr(C 6 H6 ) 2 is (a1g)~a 2u)~e1u)
4(e1g)~e 2g)
4 
(a~g) 2 • These orbitals are represented in figure 1.4. Thus 
the metal-arene bond may be considered to consist of the overlap 
of filled IT-orbitals of the ring (A1 and E symmetry) with vacant 
metal orbitals s,d 2(A1 ) and D , d (E1 ) (the a-component), z g xz yz g 
while back donation occurs from filled metal orbitals 
11 
dxy' dx 2-y 2 (E 2g) to vacant ring IT-orbitals (E 2 ) (the IT-component). 
The extension of this bonding scheme to complexes of lower 
symmetry such as Cr(C 6 H6 ) (C0) 3 is achieved by considering the 
local symmetry of the metal-arene bond (c 6v) which simplifies 
the calculations that would otherwise be required in considering 
I e,u 
a" 19 
e20,e2u e2u 
I 
02u }P 
5ev 
Ring 
Orbitals 
Molecular 
Orbitals 
Chromium 
Orbito·ls 
Figure 1.3. An energy level diagram for bisbenzenechromium. The molecular orbital 
energies are those calculated by Schustorovich and Dyatkina 64, 65. 
s 
12 
z 
~x 
C:::><:±) Px or Py 
E1u 
Figure 1.4. A representation of the orbitals involved in the metal-arene 
bond in Cr( C6Hs)2 . 
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lower overall symmetries. The assumption made is that the 
degeneracies permitted in C symmetry are not greatly split by 6v 
the lower symmetry of the other part of the molecule. This 
relatively simple picture of the metal-arene bond accounts in a 
limited way for the existence of many IT-complexes of transition 
metals and their properties. 
Reactions of metal-arene complexes 
1. Aromatic-type substitution reactions 
Bis(arene)-transition metal complexes do not readily 
undergo aromatic substitution reactions. However, 
bis(benzene)chromium may be metallated by treatment with 
amyl sodium66 , although the synthetic usefulness of this 
reaction is somewhat limited by the formation of mixtures of 
mono-, di-, and poly-substituted derivatives. The reaction of 
Cr(C 6 H6 ) (C0) 3 with diphenylmercury gives the mixed metal complex 
Cr(C0) 3 (C 6 H5 HgC 6 H5 )Cr(C0) 3 which serves as a useful intermediate 
to (phenyllithium)tricarbonylchromium67 as shown in Equation 5. 
(C0)3 Cr 
Li 
14 
Hg 
.. ··(5} 
Cr 
(C0)3 Cr 
(C0)3 
Cr 
(C0)3 
Although arene complexes of the Group VI metal tricarbonyls 
are unstable to strong acid, precluding electrophilic 
substitution reactions such as sulphonation and nitration, they 
can be acylated under mild conditions 68 . Thus, for example, 
treatment of Cr(C6 H5 CH 3 ) (C0) 3 with acetyl chloride in the 
presence of aluminium trichloride at 25° gives a mixture of the 
chromium tricarbonyl complexes of o-, m-, and p-acetyltoluene. 
On the attempted acylation of Cr(C 5H5 ) (C 6 H6 ) 69 or 
Mn (C 5H 5 ) (C 6 H6 ) 70 , ring expansion of the benzene ligand occurs to 
give a substituted tropylium complex (Equation 6). 
15 
I. CH3COCVAICl3 ••• ( 6) 
M 2. Hydrolysis ) M 
M = Cr, Mn 
2 . Nucleophilic attack on arene rings in charged metal-arene 
complexes 
In general, charged metal-arene complexes react with 
nucleophiles such as hydride ion to give the corresponding 
cyclohexadienyl species. For example, treatment of 
bis(benzene)ruthenium(II)dication with hydride ion gives a 
mixture of (cyclohexa-1,3-diene) (benzene)ruthenium(O) and 
bis(cyclohexadienyl)ruthenium (Equation 7) 71 . 
Ru 2+ 
Na8H4 
THF 
LiAIH4 
diglyme (I) + 
(I) 
··· ···(7) 
• 
--,' .,__-Ru --4~-
, 
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Similar reactions are shown in Equations (8) and (9). 
Me Me Me 
Fe 2• RLi ) + Fe 
72 
····{8) 
Me 
Me Me 
Me 
H 
H 
) Mn /I' co co 
co 
3 . Nucleophilic substitution 
H Me 
R 
Me 
73 
.. ····(9) 
Nucleophilic attack on free benzenoid compounds is not 
very common; it is therefore of great interest that TI-complexed 
arenes show a greatly enhanced susceptibility to nucleophilic 
attack, due to the electron-withdrawing effect of the 
M(CO) 
3 
group, and this type of reaction has been extensively 
d . d48 stu ie . For example, in contrast to the unreactivity of 
chlorobenzene itself, treatment of Cr(C 6 H5Cl) (CO) 3 with methoxide 
ion at 65° gives Cr (C 6 H50Me) (CO) 3 • Also, the benzene ring in 
Cr(C 6 H6 ) (C0) 3 can be deuterated by deuterated alcohols and 
amines in the presence of alkali 74 . The rate of ester hydrolysis 
is much greater in Cr(methylbenzoate)(C0)3 than for the 
corresponding uncomplexed ester due to electron withdrawal by the 
Cr(C0) 3 group favouring nucleophilic attack at the reactive 
carbon atom (Equation 10) 75 . 
Cr 
/ OCH3 a+ C 
~ c)-
0 
/I" co co 
co 
) 
4. Oxidation of metal-arene complexes_ 
OCH3 
' 
c-o-
1 
OH 
Cr ······00) 
CC:/"co 
co 
Polarographic studies show that bis(benzene)chromium 
76 77 and its cation form an almost reversible redox system ' . 
Oxidation of bis(arene)chromium complexes to the corresponding 
cations may be carried out by reaction with hydrogen chloride 78 
or alkyl halides
79
, and reduction of the cations to the 
zerovalent chromium species occurs on treatment with base or 
80 
aryllithium reagents . Bis(benzene)tungsten is oxidised by 
iodine to the cation [W(C 6 H6 ) 2 ]+, which readily disproportionates 
in base to give the zerovalent species (Equation 11) 81 . 
. .. ( 11) 
The tricarbonyl complexes, M(arene) (C0) 3 (M=Mo,W), react 
with iodine
82 
to give the cationic iodo-species 
[M(arene) (C0) 3I]+, although Cr(arene) (C0) 3 is decomposed in a 
. · 1 . 83 simi ar reaction . In a related reaction, Cr(arene) (C0)
3 
may 
84 
be protonated by BF 3 /CF 3 COOH to give the cationic complex 
+ [Cr (arene) (CO) 3 H] . 
5. Arene exchange and substitution 
Arene exchange reactions have been carried out on both 
bis(arene)chromium and Cr(arene) (C0) 3 complexes and this type of 
17 
. h d fl . h d 85 reaction as prove use u as a preparative met o . For 
example, bis(benzene)chromium, bis(mesitylene)chromium, and 
bis(tetralin)chromium have been prepared from 
(benzene) (diphenyl)chromium. Arene exchange in Cr(arene) (C0)
3 
18 
is discussed in more detail in Chapter 3. Arene exchange in the 
86 cationic bis(arene)chromium complexes has also been carried out , 
and is catalysed by aluminium trichloride (Equation 12). 
Arenes may be replaced from Cr(arene) (C0) 3 with other 
ligands such as carbonyl, tertiary phosphines, and tertiary 
arsines 48 (Equation 13). 
• •• ( 12) 
87-90 Green and co-workers have recently reported a quite 
extensive chemistry based on bis(arene)molybdenum complexes 
which involves the replacement of one arene ring by a variety of 
other ligands. This is discussed in Chapter 3. 
6. Carbon l substitution in arene metal tricarbon 1 complexes 
The carbonyl groups of the arene metal tricarbonyls can 
be substituted by other ligands. The first reported example was 
Cr(mesitylene) (C0)2 (C2H 4 ) 91 , and since then a series of 
~ompounds of general formula 
M(arene) (C0)2L (L=pyridine,PPh 3 ,DMS0,olefin) have been 
synthesised. The stability of these complexes has been related 
to the nature of the substituents on the arene ring such that 
when Lis a N-,P-,S-,or 0-donor ligand the stability is increased 
when the arene ring has electron-withdrawing substituents, 
whereas when Lis an olefin the stability is increased by 
electron-releasing substituents on the arene ring. This has 
been suggested to be due to the withdrawal of electrons from 
. 92-94 the metal by drr-prr bonding of the olefinic ligands . 
Complexes with other modes of arene-metal co-ordination 
Although hexahapto-arene complexes provide the most 
common mode of bonding of a benzenoid ring to a transition 
metal, a variety of other mode~ are known. Monohapto 
(or a-phenyl) derivatives are known for a wide range of 
. . l 95 transition meta s . A dihapto (or mono-olefinic) mode of 
96 
co-ordination has been reported recently for the platinum 
has been confirmed by an X-ray diffraction analysis (Figure 1.5) 
and fluxional behaviour in solution has been observed by 
19F n.m.r. studies. 
Figure 1.5 The structure of Pt[n 2 -c 6 (CF 3 ) 6 ] (PEt 3 ) 2 with 
0 C-C bond lengths in A 
Silver perchlorate or nitrate form 1:1 complexes with a 
wide range of arenes in solution where a l,2-n 2 -co-ordination 
f th t h . l . . b d9 7, 9 8 o e arene o t e si ver ion is o serve . The silver 
perchlorate adducts can be isolated, and an X-ray analysis 99 
of AgCl04.C 6 H5 shows that in the solid state the bonding 
between the benzene ring and the silver ion may be regarded as 
w-l,2,4,5-n 4 (Figure 1.6). 
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Figure 1.6 Structure of AgCl0 4 .C 6 H6 in the solid state 
Tetrahapto co-ordination of arenes to transition metals 
has been observed in several complexes. The first example 
reported was the rhodium(I)complex, 
Rh(n 5 -C 5H5 ) [1,2,3,4-n 4 -C 6 (CF 3 ) 6 ] 100 , the structure of which 
·. 101 has been determined by X-ray analysis and is shown in 
figure 1.7. The 19F n.m.r. spectrum of this complex indicates 
a rigid structure at room temperature. 
Rh 
The complex Rh(n 5 -C 5H5 ) [1,2,3,4-n 4 -c 6 (COOMe) 6 ], which 
probably has a structure similar to that of the C6 (CF 3 ) 6 
analogue, shows fluxional behaviour102 . Thus, at room 
temperature the n.m.r. spectrum shows three different 
carbomethoxy groups, but on warming to 155° all the 
carbomethoxy protons become equivalent. A line shape analysis 
of the spectra at various temperatures shows that the fluxional 
20 
behaviour consists of a series of 1,2-shifts of the metal 
(Figure 1.8) resulting in a fairly slow rotation around the 
_l _l 
ring (k=2sec at 81°,50sec at 120°). This process is 
unobservably slow for the analogous iridium compound. 
4 
--' M-__.....__ 
' 
3 
I ' ' 2 
4 5 
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Figure 1.8 The 1,2-shift fluxional behaviour 
Bis(hexamethylbenzene)ruthenium(II)dication has been 
reduced to the ruthenium (0) species by reaction with sodium103 . 
Ru(C 6Me5) 2 contains one hexahapto- and one tetrahapto-arene 
. 104 
ring Another ruthenium complex containing a tetrahapto-arene 
is Ru [ 1 , 2 , 3 , 4- n 4 -C 6 ( CF 3 ) 6 ] [ P ( OMe) 3 ] (CO) 2 l OS. 
In Rh(n 5 -C 5H5 ) [n 4 -c 6 {CF 3 ) 6 ] and Ru(n 6 -c 6Me 6 ) (n 4 -C 6Me 6 ) the 
tetrahapto-arene ring has a dihedral angle of about 48°, and a 
similar distortion can be expected in the other complexes. 
A novel hexahapto mode of co-ordination has been 
suggested for the binuclear nickel complex 
3 106 1,2,3-n -4,5,6-n 3-system (Figure 1.9). 
'\ 
Ni----
Another novel hexahapto mode of co-ordination is found 
in the palladium complex, [Pd (AlC1 4 ) (C 6 H 6 )] 2 lO?, which 
discussed in detail in Chapter 2. 
Spectroscopic Properties of Metal-Arene Complexes 
(a) Vibrational spectra 
lS 
The i.r. spectra of the bis(benzene)chromium complexes 
and the arenechromium tricarbonyls have been studied in some 
d t · 11 O 8 ' l O g d · · f . t h . th t f th e ai , an signi ican c anges in e spec ra o e 
aromatic groups on co-ordination have been observed. The 
carbon-carbon stretching modes, v(C-C), are of interest in this 
respect. In general, aromatic molecules show two or three bands 
_l 
in the 1650-1450 cm region, attributed to v(C-C). When such 
molecules are IT-complexed to chromium tricarbonyl, these bands 
-1 
are shifted to lower frequency by as much as 100cm . As in the 
case of the v(C=C) modes in metal-olefin complexes, this 
lowering in frequency reflects a decrease in the carbon-carbon 
bond order on co-ordination, as expected from a consideration of 
the metal-arene bonding discussed earlier. 
No correlation between the frequency and the ring 
substituents has been observed for the metal-ring vibrations in 
22 
h . . b l 110 arenec romium tricar ony s . -1 These bands occur at about 300cm 
(b) N.m.r. spectra 
In general, protons attached to an olefinic system which 
is co-ordinated to a metal are shifted to higher field from their 
positions in the free olefin. The magnitude of this shift 
varies from less than one up to about 3·5 p.p.m. A similar shift 
is observed in arene-metal complexes and consequently n.m.r. 
spectroscopy is an invaluable tool in the characterisation 
111 
of such complexes . The upfield shift may be attributed, 
at least in part, to a shielding caused by a decrease in the 
"ring current" of the IT-electrons due to their involvement 
in bonding to the metal atom. 
In addition, because of the quantum mechanical 
time-scale of the n.m.r. experiment, a study can be made of 
certain time-dependent phenomena. For example, both 
. l l . 112,113 d h . l h 114 intra-mo ecu ar motion an c emica exc ange may 
affect the appearance of n.m.r. spectra, and this has had 
significant applications in the study of some organometallic 
compounds. A wide range of fluxional* organometallic 
complexes has been studied by n.m.r. techniques, especially 
complexes containing unsaturated carbocyclic ligands112 . 
The fluxional behaviour of both dihapto- and 
tetrahapto-benzene complexes was mentioned earlier in this 
chapter, and these are just two examples of many for the 
23 
general class of compounds containing an unsaturated carbocyclic 
ligand where one or more of the double bonds available are not 
co-ordinated to the metal. Much of the study in this area has 
been carried out on tetrahapto-cyclooctatetraene metal complexes 
(see Chapter 4), and it has been found that the fluxional 
behaviour consists of a rotation involving a series of 
l,2-shifts112 . 
* The term fluxional is used to denote molecules which have more 
than one thermally accessible structure, which are equivalent 
and hence of equal free energy content, and pass from one to 
another of these structures. 
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. 115-117 . 118-121 Both t heoretical and experimental studies 
indicate a very low barr ier to the rotation of the 
cyclopentadienyl r ings in ferrocene. It is to be expected 
that a similar low barrier to rotation exists in benzene-metal 
complexes. Evidence fo r this is provided by the n.m.r. spectrum 
of solid bis(benzene)chromium which shows a narrow line down to 
-79°C but which broadens cons iderably at -196°C; this 
. f h . 122 behaviour may be due to the freezing out o t e rotation . 
On the basis of var i abl e temperature n.m.r. evidence, it has 
123,124 h . h · t · b 1 h been suggested tat i n arenec romium ricar ony s were 
the arene ring has bulky substituents there is a 
"thermodynamic restrict i o n o f r o tation", while rotation about 
the metal-ring bond or "kine tic rotation" is considered to be 
fast on the n.m.r. time-scale . 
The work described in this thesis is concerned with 
extending the knowled ge of arene-ruthenium complexes. A wide 
range of benzene and subs tituted benzene complexes of 
ruthenium(II) has b een studied (Chapters 2 and 3), together 
with some complexe s of ruthenium(O) (Chapter 4). Studies of 
transition metal-arene complexes have largely been concerned 
with zerovalen t me tals as indicated in this chapter, and an 
investigation o f arene complexes with a metal in a higher 
oxidation state, with a concomitant change in the metal-arene 
bond, is there f ore of interest. Furthermore, the chemistry of 
benzene-ruthenium complexes, which began with the synthesis of 
the bis(mesitylene)ruthenium(II)dication125 , is one aspect of 
the organometallic chemistry of ruthenium that has been largely 
neglected. 
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Studies of the organometallic chemistry of ruthenium 
. 1952 . h h . f h 126 began in wit t e preparation o rut enocene , and 
since this time the chemistry of ruthenocene has been widely 
28 developed . The starting point of non-ruthenocene, 
organo-ruthenium chemistry may be associated with the reports, 
in 1959, of the first o-alkyl127 and di-olefin1281129 complexes 
of ruthenium. In the following years, olefin complexes of 
Ru(O) ,Ru(II), and Ru(IV), rr-allylic complexes, and a wide range 
of cyclopentadienyl complexes, have been reported. Some 
representative organo-ruthenium compounds are shown in Table 1.2 . 
TABLE 1.2 
ORGANIC LIGAND 
a-Alkyl 
Olefin 
Allyl 
Cyclopentadienyl 
Arene 
SOME ORGANO-RUTHENIUM COMPLEXES 
RUTHENIUM COMPLEX 
RuRH (diphos )2 
RuClR (diphos )2 
RuR2 (diphos )2 
) 
) 
) 
) 
R - Me,Et 
Ru(cyclobutadiene) (C0) 3 
Ru(cyclohexa-1,3-diene) (C0) 3 
REFERENCE 
127 
127 
130 
131 
1 32 
Ru(norbornadiene) (cyclohepta-l,3,5-triene)133 
RuC1 2 (dodeca-2,6,10-triene-l,12-diyl) 1 34 
[RuC1 2 (norbornadiene)J n 
[RuC1 2 (cyclooctatetraene)] 
Ruel (n 3-C3H5) (CO) 3 
Ru(C5H5)2 
[Ru (C5H5) (CO) 2] 2 
2+ [Ru(C 6 H6 ) 2 ] 
2+ [Ru(naphthalene) 2] 
n 
128 
1 29 
13 5 
126 
1 3 6 
137 
1 38 
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There has been a great interest in some other aspects 
of ruthenium chemistry, especially those associated with the 
homogeneous catalysis of hydrogenation and oxidation of 
organic compounds. In this respect, compounds of ruthenium(II) 
such as RuClH(PPh 3 ) 3 139 ' 140 and [Ru 2 C1 3 (PEt 2 Ph) 6 ]Cl141 have 
been found useful in many catalytic reactions. 142 A report of 
the ability of [RuC1 2 (C 6 H6 )] 2 to act as a hydrogenation catalyst 
with a similar activity to that of RuC1 2 {PPh 3 h provided a 
further incentive for the study of arene-ruthenium complexes. 
CHAPTER 2 
THE PREPARATION AND STRUCTURE OF SOME ARENE COMPLEXES 
OF RUTHENIUM(II) 
Introduction 
Several rr-arene ruthenium complexes are known, although 
their chemistry has not been studied in any detail. Fischer 
125 
and co-workers prepared the cationic bis(arene)ruthenium 
2+ 
complex [Ru(l,3,5-C 6 H3Me 3 )] (BPh 4 ) 2 from the reaction of 
ruthenium trichloride with mesitylene under reducing 
Friedel-Crafts conditions, a general method for the synthesis 
of arene-transition metal complexes discussed in Chapter 1. 
Other bis(arene)-ruthenium dications have been similarly 
137 prepared with benzene and hexamethylbenzene . The 
2+ 
hexamethylbenzene complex, [Ru(C 6Me 6 ) 2 ] (PF6)2 , has been 
reduced by sodium in liquid ammonia to give the ruthenium (O) 
137 
complex Ru(C 6Me 6 ) 2 • An X-ray structural analysis of this 
complex shows that the two hexamethylbenzene rings are 
inequivalent, one acting as a hexahaptobenzene and the other as 
27 
104 143 
a tetrahaptobenzene ' . In solution the complex is fluxional 
137 
as evidenced by its n.m.r. spectra at various temperatures , 
indicating both 1,2-shifts of the tetrahapto-hexamethylbenzene 
and also alternation between tetrahapto- and hexahapto-
co-ordination of each ring. Another tetrahapto-arene ruthenium 
complex, Ru[n 4 -C 6 (CF 3 ) 6 ] (C0) 2 [P(OMe) 3 ], has been prepared105 . 
A -arene structure has been proposed 144 for Ru(n 5 -C 5 H5 ) (BPh 4 ), 
which was prepared from the reaction of RuCl(n 5 -C 5H5 ) (PPh 3 ) 2 with 
NaBPh 4 in ethanol. The suggested structure is shown in 
figure 2.1. 
... __ .. 
Figure 2.1 The proposed structure for Ru(n 5 -C 5Hs) (BPh4) 
An X-ray structural analysis of the ruthenium cluster 
145 
compound, Ru6C(C0)14(C6H3Me 3), prepared together with 
Ru 6 C(C0)17 by refluxing Ru3(C0) 12 in mesitylene, shows it to 
be a n-arene ruthenium carbonyl 'carbide' cluster, with the 
mesitylene symmetrically co-ordinated to one of the ruthenium 
atoms146 . A n-arene structure has been tentatively put forward 
for the complex [RuH(PPh 3) 3 ]+(Figure 2.2), which is formed when 
+ -
a dichloromethane solution of [RuH(PPh 3) 4 ] PF 6 is allowed to 
t d t t t f a few hours
l47_ 
s an a room empera ure or 
Figure 2.2 
+ Suggested structure for [RuH(PPh 3 )3] 
The reaction of cyclohexa-1,3-diene with ethanolic 
ruthenium trichloride was reported by Winkhaus and Singer
148 
28 
to give a brown, diamagnetic, insoluble benzene complex of 
empirical formula RuC1 2 (C 6H6 ) which, on reaction with 
n 
tri-n-butylphosphine, gave a red adduct RuC1 2 (C 6H6 ) (PBu 3). 
This complex was stated to be dimeric in freezing bromoform, 
and on this basis a polymeric, chloro-bridged structure 
containing tetrahaptobenzene and octahedrally co-ordinated 
ruthenium(II) was proposed for RuC1 2 (C 6H6 ), analogous to 
those proposed for the polymeric complexes 
29 
[RuCl2(diene)] (diene=norbornadiene or cycloocta-l,5-diene) 1281129 . n 
A red, crystalline complex RuC1 2 (C 6 H 6 ) (DMSO) obtained from 
RuCl: (C 6 H6 ) in dimethylsulphoxide, and a hydride-complex 
RuCl(H) (C 6 H6 ) (DMSO) have also been assumed142 to be dimeric by 
analogy with the earlier work. The preparation of the 
osmium complex [OsX 2 (C 6H6 )] (X=Cl or I) from the reaction of n 
ethanolic osmium trichloride with cyclohexa-1,3-diene has also 
149 been reported . 
triphenylphosphine gave a red product which was formulated as 
molecular weight determination in freezing bromoform and its 
n.m.r. spectrum which showed two resonances for the benzene 
ligand at T3·66(4 protons) and T4·16(2 protons). Thus, as in 
the original report on the analogous ruthenium complexes, the 
benzene ligand is suggested to be acting as a 4IT-electron donor. 
In this chapter, the preparation and structure of a wide 
range of complexes of general formula RuC1 2 (arene)L 
(L=pyridine,tertiary phosphine,phosphite,or arsine) are discussed, 
and these complexes are shown to be monomeric. Single crystal 
X . 150 
-ray studies of two of these complexes, 
have shown that they have a half-sandwich structure similar 
to that adopted by the arenechromium tricarbonyls, except 
that in the ruthenium complexes the arene ring is slightly 
butsignificantly non-planar. This work was carried out 
simultaneously to and independently of work reported by 
Zelonka and Baird151- 153 . The results of Zelonka and Baird 
relevant to the work discussed in this chapter are 
summarised below while the remainder of their work is 
summarised in Chapter 3. 
They prepared RuC1 2 (C 6 H6 ) from the reaction of 
cyclohexa-1,3-diene with ruthenium trichloride in 90% aqueous 
ethanol. This compound was suggested to be dimeric on the 
basis of its far i.r. spectrum which showed both terminal and 
_l _l 
bridging v(Ru-Cl) modes at 294cm and 256,248cm 
30 
respectively, although in the co-ordinating solvent acetonitrile 
they found the complex to be monomeric. They also inferred 
that their sample of [RuC1 2 (C 6 H6 )] 2 was a different, more 
soluble, form from that obtained by Winkhaus and Singer, 
although there is no evidence to suggest this in the work 
described in this chapter. By reaction of [RuC1 2 (C 6 H5)] 2 with 
various ligands L(L=tertiary phosphine,phosphite,or arsine) 
they prepared a series of compounds RuC1 2 (C 6 H6 )L which they 
found to be monomeric in chloroform. Where the same complexes 
have been prepared, the physical data reported in Zelonka and 
Baird's work agree very closely with those reported in this 
chapter. 
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Preparation of [RuX 2 (arene)] 2 
A series of arene complexes of general formula 
[RuX 2 (arene)] 2 (X=Cl or Br; arene = C6H6 ,C 6H5Me, p-C 6 H4Me 2 , 
l,3,5-C 6 H3Me 3, or p~MeC 6 H4 CHMe 2 ) is obtained by heating an 
ethanolic solution of ruthenium trichloride or ruthenium 
tribromide with the corresponding cyclohexa-1,3-diene or 
cyclohexa-1,4-diene, the latter being readily accessible from 
the arene by metal-ammonia reduction. There is no reaction 
between ethanolic RuC1 3 and cyclohexa-1,4-diene at room 
temperature, whereas with cyclohexa-1,3-diene under identical 
conditions the complex [RuC1 2 (C 6H6 )] 2 precipitates over a 
period of days. This suggests that the 1,4-dienes may 
isomerise to the 1,3-dienes before dehydrogenation takes place. 
Yields vary from almost quantitative for [RuC1 2 (C 6 H6 )] 2 to only 
6% for the p-xylene complex. 
The anisole complex [RuC1 2 (C 6 H50Me)] 2 is prepared from 
the reaction of l-methoxycyclohexa-1,4-diene and methanolic 
RuCl3. Use of ethanolic RuC1 3 gives an unidentified complex 
which, from n.m.r. evidence, contains an ethyl but no methyl 
group. Some dem~thoxylation occurs in the reaction with 
methanolic RuC1 3 , since n.m.r. evidence suggests that -10% of 
the benzene complex is formed in addition to the anisole complex 
(c.f. the reaction of l-methoxycyclohexa-1,4-diene with 
Cr (CO) 6 to give Cr (C 6 H6 ) (CO) 3 in 82% yield) 154 . 
The di-iodo-complex, [RuI 2 (C 6 H6 )] 2 , is obtained in high 
yield from the reaction of ethanolic RuC1 3 and an excess of 
sodium iodide with cyclohexa-1,3-diene, but the corresponding 
bromo-complex cannot be obtained by using an excess of sodium 
bromide (see Chapter 3); it is necessary to start with 
ruthenium tribromide, or to carry out the reaction of 
[RuCl2(C5H5)] 2 with sodium bromide in water. 
The hexamethylbenzene complex, [RuC1
2
(C
6
Me 6)] 2 , is 
conveniently obtained in 80% yield by heating the E-cymene 
170° for a few hours. Other arene exchange reactions are 
discussed in Chapter 3. 
[RuC1 2 (C 6Me 6)] 2 is also obtained in low yield (9%) on 
heating [RuC1 2 (cycloocta-l,5-diene)]n with hexamethylbenzene 
to 170° for a few hours. This is the only method found for 
preparing complexes of the type [RuC1 2 (arene)] 2 or 
RuC1 2 (arene)L directly from the arene rather than by the 
dehydrogenation Qf cyclohexadienes. Many other attempts were 
made. For example, the reaction of an arene with 
RuCl 2 (PPh 3 ) 3 , RuCl 2py 4 , or RuCl 3 ( PMe 2Ph) 3 , under reflux or 
u.v.irradiation in the presence or absence of Lewis acids such 
as AlC1 3 or BF 3 , gave no arene-ruthenium complexes. Also, 
32 
2+ 
reaction of [Ru(arene) 2 ] with chloride ion failed to give the 
required [RuC1 2 (arene)] 2 • It seems reasonable to assume, 
however, that the replacement of the diene in 
[RuC1 2 (cycloocta-l,5-diene)] by hexamethylbenzene may be n 
extended to other [RuC1 2 (diene)]n species. 
The complexes [RuC1 2 (arene)] 2 are brown, diamagnetic 
and poorly soluble in most non-co-ordinating organic solvents. 
However, both the p-cymene and hexamethylbenzene complexes 
are sufficiently soluble in chloroform for osmometric 
determination of their molecular weights. These 
determinations show the complexes to be dimeric, and it is 
assumed that this is true for the other arene complexes. Thus 
the chloro-bridged structure (Figure 2.3) containing 
hexahapto-arene is suggested for these complexes, similar to 
that of the dimeric isoele~tronic pentamethylcyclopentadienyl 
155 
complexes [MC1 2 (C 5Me 5 )] 2 (M=Rh,Ir) . 
Cl 
/Cl~ 
Ru Ru 
~c,/ 
Cl 
Figure 2.3 The proposed structure of [RuC1 2 (arene)] 2 
The far i.r. spectra of the [RuC1 2 (arene)] 2 complexes 
(Table 2.1) show two or three strong bands in the region of 
_ 1 _ 1 
290cm and 250cm assignable to the v(Ru-Cl) modes of the 
terminal and bridging chlorine atoms respectively. The 1.r. 
spectrum of [RuC1 2 (C 6 H6 )] 2 was similar to that reported by 
33 
W. kh d s· 148 d · 'bl · h h h t b in aus an inger , an is compat1 e wit exa ap o- enzene 
156 by comparison with the i.r. spectra of Cr(C 6 H6 ) 2 and 
_} 
Thus, for example, a band at 1438cm is 
assigned to the carbon-carbon stretching mode of the 
benzene ring in [RuC1 2 (C 6 H6 )] 2 , this band appearing at 
_1 _1 
1432cm and 1450cm in Cr (C 6 H6 ) 2 and Cr (C 6 H6 ) (CO) 3 
respectively. The i.r. spectra of complexes containing 
- 1 
tetrahapto-benzene typically show a band at about 1620cm 
' 
assigned to the C=C stretching frequency of the unco-ordinated 
double bond of the benzene ring. 
34 
The proton n.m.r. spectra of [RuC1 2 (arene)] 2 have only 
been obtained for the p-cymene and hexamethylbenzene complexes, 
since for other arenes the dimeric complex is too insoluble in 
non-co-ordinating solvents. The proton n.m.r.spectra of these 
insoluble complexes were obtained in d 6-DMS0 solution, in which 
the monomeric species RuC1 2 (arene) (DMSO) are undoubtedly 
present (Zelenka and Baird have shown that [RuC1 2 (C 6H6 )] 2 is 
monomeric in acetonitrile). The benzene complexes 
RuX 2 (C 6H6 ) (DMSO) show sharp singlets (Table 2.2) due to the 
co-ordinated n6-benzene, which are characteristically about 
2·0p.p.m. upfield of the free benzene resonance. Similar 
upfield shifts are observed for the aromatic proton resonances 
of the other arenes in their Ru(II) complexes (Table 2.2). For 
[RuC1 2 (C 6Me 6 )] 2 , the methyl resonance is a sharp singlet at 
T7·97, 0·13p.p.rn. upfield of the free hexamethylbenzene 
resonance. 
Preparation of RuX 2 (arene)L 
Pyridine, tertiary phosphines, phpsphites, and tertiary 
arsines (L) cleave the halogen bridges of [RuX2(arene)]2 
(X=Cl,Br,orI) to give, in high yield, orange or red, air-stable 
complexes of general formula RuX2(arene)L,which were found to 
be monomeric in chloroform (Table 2.1) in contrast to the 
· · 1 148 f · ( ) ( n) f 1 · d origina report or RuC1 2 C6H6 PBu3 . Excess o igan 
should be avoided in these preparations otherwise the 
co-ordinated arene may be displaced. For example, the 
stoicheiometric quantity of dimethylphenylphosphine with 
excess of the ligand the product isolated is [Ru2Cl3(PMe2Ph)6]Cl. 
Similarly, one equivalent of pyridine reacts with 
some RuC12 py4 is also formed. 
As discussed in Chapter 3, some of the tertiary 
phosphine derivatives may also be prepared by arene exchange 
from the p-cymene complex. 
The far i.r. spectra of RuC1 2 (arene)L show two bands 
_1 _l 
at ca.290cm and 280cm which may be assigned to v(Ru-Cl) 
modes of the terminal chlorine atoms (Table 2.1). 
The benzene complexes with N- or As- donor ligands show 
a sharp singlet in their proton n.m.r. spectra at about T4·5 
due to the co-ordinated benzene, but in the P-donor complexes, 
this signal is a closely spaced doublet [J(P-H)=O·S-0·8Hz] 
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(Table 2.2). The proton n.m.r. spectra of complexes of the 
other arenes also show the characteristic upfield shift of the 
aromatic protons observed in arene transition metal complexes. 
The half-sandwich structure shown in figure 2.4 is suggested 
for the complexes RuC1 2 (arene)L (vide infra). 
Ru 
/ 
Cl Cl 
L 
Figure 2.4 The structure of RuC1 2 (arene)L 
TABLE 2.1 
Analytical data, molecular weights, melting points and Ru-Cl stretching frequencies 
for arene ruthenium complexes 
M.p. Analyses: found(calc) (%) M:found Compound 
( oc) C H X p (calc) 
[RuCl2(C6H6)]2 242 28.9(28.8) 2.8(2.4) 28.2(28.3) 
[RuBr 2 (C 6H6 )] 2 > 250 20.4(21.3) 1.9(1.8) 47.9(47.1) 
[RuI 2 (C 6H6 )] 2 255 17.2(16.6) 1.6(1.4) 57.3(58.6) 
[RuCl2(C6H5Me)]2 > 250 31.1(31.8) 3.3(3.1) 27.4 (26.9) 
[RuC1 2 (p-C 6H4Me2)]2 230 34.3(34.55) 3.5(3.6) 
[RuC1 2 (1,3,5-C 6H3Me3)]2 296 36.7(37.0) 4.1(4.1) 24.3(24.3) 
[RuC1 2 (C 6Me5)]2 270 42.2(43.1) 5.3(5.4) 21.9(21.2) 690(669) 
[RuC1 2 (p-MeC 6H4CHMe2)]2 200 38.4(39.2) 4.7(4.6) 23.3(23.2) 604(612) 
[RuC1 2 (C6Hs0Me)]2 235 28 .. 7(30.0) 2.8(2.9) 24.8 (25.3) 
n RuC1 2 (C 6H6 ) (PBu"j) 197-200 48.1(47.8) 7.3(7.35) 15.6(15.7) 7.1(6.8) 448(452) 
RuBr 2 (C 6H6 ) (PBun) 199 39.9(39.9) 5.9 (6.1) 29.9(29.5) 6.2(5.7) 3 
RuC1 2 (C 6 H6) [P (octyl) 3] 162-164 57. 7 (58. 05) 9.4(9.3) 4.9(5.0) 
RuC1 2 (C 6H6 ) (PMe 2Ph) 174-177 44.5(43.3) 4.8(4.4) 8.4(8.0) 422(388) 
RuI 2 (C 6H6 ) (PMe 2Ph) 197 29.5(29.4) 3.1(3.0) 44.4(44.4) 553(571) 
RuC1 2 (C 6H6 ) (PMePh 2 ) 195 50.2(50.7) 4.4(4.2) 16 .. 3(15.8) 6.7(6.9) 
C 
v(RuCl)-
(cm-1) 
295,259,248sh 
293,250br 
292,254,247sh 
298,270,260, 
248sh 
299,258br 
292,260,250sh 
300,255,248sh 
287,269 
290,270 
290,280 
291,278br 
w 
O'I 
TABLE 2.1 (cont'd) 
RuBr 2 (C 6H6 ) (PMePh 2 ) 212 42.0(42.3) 3.7(3.55) 30.7(29.6) 
RuCl2 (C6H6) (PPh3) 184 56.1(56.3) 4.2(4.1) 14.0(13.8) 
RuC1 2 (C 6H6 ) [P (OMe) 3] darkens > 160 28.5(28.9) 4.1(4.0) 
RuC1 2 (C 6H6 ) (AsMe 3 ) 204 28.9(29.4) 4.4 (4.1) 
RuC1 2 (C 6H6 ) (AsMe 2Ph) 190 39.1(38.9) 4.0(4.0) 16.6(16.4) 
n RuC1 2 (C 6H5Me) (PBu3) 191 49.3(48.9) 7.4(7.6) 15.4(15.2) 
RuCl2 (ITI-c6H4Me2) (PBu~) 180 50.0(50.0) 7.7(7.8) 
RuC1 2 (E-C 6H4Me 2 ) (PMePh 2 ) 175 52.8(52.7) 4.9 (4.85) 
RuCl 2 ( 1, 3, 5-C 6H 3Me 3) (PMe 2 Ph) 18 7 47.2(47.45) 5.4 (5.4) 16.9(16.5) 
RuC1 2 (1, 3, 5-C 6H3Me 3) (py) 296~ 45.0(45.3) 5.1(4.6) 18.9(19.1) 
n RuC1 2 (p- MeC 6 H4CHMe 2 ) (PBu3 )162-166 52.75(53.5) 8.4(8.1) 14.4 (14.0) 
RuC1 2 (p-MeC 6 H4CHMe 2 ) (PMe 2 Ph) 180 48 .. 6(48.7) 5.5(5.6) 15.8(16.0) 
RuC1 2 (E_-MeC 6 H4CHMe 2 ) (PMePh 2 ) 178-181 54. 3 (54. 6) 5.4(5.3) 13.7(14.0) 
RuC1 2 (p-MeC 6 H4CHMe 2 ) (PPh 3 ) 170 59.3(59.1) 5.1(5.1) 
RuC1 2 (p-MeC 6 H4CHMe 2 ) (AsMe 2Ph)183-186 44.0(44.3) 5.2(5.2) 14.4(14.5) 
6.15(6.05) 
7.8(8.3) 
6.5(6.6) 
6.15(6.45) 
7.5(7.2) 
b 3.6(3.8)-
6.0(6.1) 
7.1(7.0) 
6.3(6.1) 
5.4(5.45) 
544(539) 292,280 
377 (374) 291,280 
396(371) 287,275 
295,278 
448 (466) 295,279 
455(480) n.m. 
465 (478) 289,280 
429(430) 294,280 
292,284 
493(508) 291,284 
293,284sh 
507(506) 295,285 
539 (569) 290 I 281 
285hr 
w 
....J 
RuC1 2 (p-MeC 6 H4 CHMe 2 ) (py) 
RuC1 2 (C 6 H5 0Me) (PMePh 2 ) 
RuC1 2 (C 6Me 6 ) (PBu~) 
TABLE 2.1 (cont'd) 
179-182 47.1(46.8) 5.1(5.0) 18.4(18.4) 
168 49.8(49.0) 4.5(3.9) 
170 53.6(53.7) 8.2(8.45) 13.4(13.2) 
a Loses pyridine before melting 
b Nitrogen analysis 
c Abbreviations: sh, shoulder 
br, broad; 
n.m., not measured. 
5.4(5.8) 
383(385) 291,285 
456(465) 293,282 
511(537) 301,292 
w 
co 
Compound 
C [RuCl2 (C6H6 )]2-
c [RuBr2(C6H6)]2-
c [RuI2(C6H6)]2-
c [RuCl2(C6H5CH3)]2-
[RuCl2(P-C6H4Me2)]2 
C [RuC1 2 (1,3,5-C6H3Me3)]2-
[RuC12(C6Me6)]2 
[RuCl2(e-MeC6H4CHMe2)]2 
C [RuC1 2 (C 6H50Me)] 2-
n 
RuC1 2 (C6H6) (PBuJ) 
n RuBr2 (C6H6) (PBu3) n RuI 2 (C 6H6 ) (PBu3) 
RuCl2 (C6H 6 ) [P (octyl) 3] 
RuC1 2 (C 6H6 ) (PMe 2Ph) 
RuC1 2 (C6H 6 ) (PMePh 2 ) 
RuBr 2 (C 6 H6 ) (PMePh 2 ) 
TABLE 2.2 
N.m.r. data for arene ruthenium(II) 
Co-ordinated arene protons 
4.02(s) 
3.96(s) 
3.90(s) 
4.02 (m) ,4.31 (m), 7.84 (s,CH 3 ) 
4 . 7 5 ( s ) , 7 • 8 3 ( s , CH 3 ) 
4 . 5 0 ( s) , 7. 8 4 ( s, CH 3) 
7 • 9 7 ( s , CH 3 ) 
4. 60, 4. 72 (HA 1 H8 ,J6), 7 .12 (sp,CHMe 2 ), 
7 • 8 7 ( s , CH 3 ) , 8 • 7 4 ( d, CHCH 3 , J 7 ) 
a b 
complexes-'-
Others 
e 3. 7 9 ( t) , 4. 4 2 ( d) , 4 . 5 8 ( t) - , 6. 0 5 ( s, CH 3) 
4.42[d,J(P-H)0.8] 
4.37[d,J(P-H)0.9] 
4.28[d,J(P-H)0.75] 
4.44(s)f 
4.64[d,J(P-H)0.8] 
4.60[d,J(P-H)0.8] 
4.54[d,J(P-H)0.8] 
7. 98 (m), 8. 54 (m), 9. 06 (m) (n-butyl) 
7.90(m) ,8.54(m) ,9.04(m) (n-butyl) 
7.81(m) ,8.54(m) ,9.0S(m) (n-butyl) 
7. 9 8 (m) , 8. 6 5 (m) , 9 .10 (m) (n-octyl) 
2. 5 0 (m, Ph) , 8 .13 [ d, CH 3 , J ( P-H) 11. 5] 
2. 3 4 (m, Ph) , 8. 0 5 [ d, CH 3 , J ( P-H) 12] 
2. 32 (m,Ph), 7. 85 [d,CH3 ,J (P-H) 11] 
w 
~ 
RuC1 2 (C 6 H 6 ) (PPh3) 
RuC1 2 (C 6 H 6 ) [P (OMe) 3] 
RuC 1 2 ( C 5H 6) ( As Me 3) 
RuCl2(C5H5) (AsMe2Ph) 
n RuCl 2 (C 5H 5Me) (PBU"J) 
TABLE 2.2 (cont'd) 
4.62[d,J(P-H)0.45] 
4.26[d,J(P-H)0.5] 
4.39(s) 
4.54(s) 
4 • 4 0 - 5 • 0 4 ( m) , 7 • 7 4 ( s , CH 3) 
RuC 1 2 ( p-C 5H 4Me 2) ( PMePh 2) 4 . 8 3 [ d, J ( P-H) 1 . 1] , 8. 18 ( s, CH 3 ) 
Ruel 2 (1, 3, S-C5H 3Me 3) (PMe 2Ph) 5. 28 (s), 8. 04 (s ,CH 3) 
2.45(m,Ph) 
6.17[d,CH3,J(P-H)ll] 
8 . 4 4 ( s , CH 3) 
2. 3 7 (m, Ph) , 8 • 2 7 ( s, CH 3) 
8. 00 (m), 8. 55 (m), 9. 04 (m) (n-butyl) 
2. 3 6 (m, Ph) , 8 • 0 8 [ d, CH 3, J ( P-H) 11. 5] 
2. 0-2. 7 (m,Ph), 8. 23 [d,CH 3, 
J(P-H)ll] 
5 .12 ( s) , 7. 9 6 ( s, CH 3) RuC1 2 (l,3,5-C 6H3Me 3 ) (py) 
n RuC1 2 (C 6H5CHMe 2) (PBu3) 4.62(m) ,6.93(t,CHMe 2) ,8.75(d,CH 3 of 
n a Ruel (p-MeC5H4CHMe2) (PBu-3)-
2 -
4. 5 8 ( s, HA, HB) , 7 .18 ( sp, CHMe2 ) , 
0.95(m) ,2.2-2.8(m) (pyridine) 
CHMe 2,J7.0) 8.0(m),8.55(m),9.05(m) (n-butyl) 
8.02 (m) ,8.57 (m) ,9.06 (m) (n-butyl) 
8 . 7 5 ( d, CH 3 of CHMe2 , J 7 . 0) , 7 . 9 2 ( s, CH 3 ) 
n RuBr 2 (p-MeC 6 H4CHMe2 ) (PBu3) 4.52(s,HA,HB) ,6.98(sp,CHMe2 ), 
8.74(d,CH 3 of CHMe2 ,J7.0) ,7.82(s,CH3 ) 
n RuI 2 (p-MeC 6 H4CHMe2 ) (PBu"J) 4.SO(s,HA,HB) ,6.70(sp,CHMe2 ), 
8.70(d,CH3 of CHMe2 ,J7.0) ,7.64(s,CH3 ) 
RuC1 2 (p-MeC6 H4CHMe2 ) (PMe2Ph) 4.82(s,HA,HB),7.38(sp,CHMe2 ), 
8.90(d,CH 3 of CHMe 2 ,J7.0) ,8.18(s,CH 3 ) 
a RuCl2(£-MeC5H4CHMe2) (PMePh 2)- 4.70,4.81(HA,HB,J6) ,7.48(sp,CHMe 2 ), 
9.10(d,CH 3 of CHMe 2 ,J7.0) ,8.09(s,CH 3 ) 
7.93(m),8.56(m),9.05(m) (n-butyl) 
7.82(m) ,8.53(m) ,9.04(m) (n-butyl) 
2.36(m,Ph) ,8.16[d,CH ,J(P-H)ll] 
-3 -
2. 38 (m,Ph), 8 .11 [d,CH 3 ,J (P-H) 11. 5] 
~ 
0 
~ 
TABLE 2.2. (cont'd) 
d RuC1 2 (p-MeC 6 B4 CHMe 2 ) (PPh 3 )- 4.84,5.03(HA,HB,J6) ,7.18(sp,CHMe 2 ), 
8.90(d,CH 3 of CHMe 2 ,J7.0) ,8.13(s,CH 3 ) 
RuC1 2 (p-MeC 6 B4 CHMe 2 ) (AsMe 2 Ph) 4.71(s,HA,HB) ,7.27(sp,CHMe 2 ) ,8.85(d, 
CH 3 of CHMe 2 ,J7.·0),8.04(s,CB 3 ) 
2.48(m,Ph) 
2.42(m,Ph) ,8.30(s,CH 3 ) 
d RuC1 2 (p-MeC 6 B 4 CHMe 2 ) (py)- 4.57,4.78(HA,HB,J6),7.02(sp,CHMe 2 ), 
8.69(d,CH 3 of CHMe 2 , J7.0) ,7.91(s,CH 3 ) 
4.49 (m) ,4.99 (d) ,5.83 (d) ,6.10 (s,CH 3 )g 
7.99(s,CH3 of C5Me5) 
0. 95 (m), 1. 29 (m) , 1. 70 (m) (pyridine) 
RuC1 2 (C 6 H5 0Me) (PMePh 2 ) 
n RuC1 2 (C 6 Me 6 ) (PBu~) 
2. 38 (m,Ph), 8. 03 [d,CH3 ,J (P-H) 11. 5] 
8.l(m) ,8.65(m) ,9.l(m) (n-butyl) 
a Measured in CDCl 3 at ~34° except where stated otherwise; chemical shifts (T) relative to 
SiMe 4 as internal standard, Jin Hz. 
b 
C 
d 
Abbreviat i ons: s, singlet; d, doublet; sp, septet; t, triplet; m, multiplet; 
Measured in d 6-DMS0. 
Labelling of p-cymene protons: 
is arbitrar y. Chemical shifts 
formula 
since an AB rather than AA'BB' 
HA 
Me 
HA 
Ha 
CHMe2 
Ha 
Assignment of resonances to HA and HB 
calculated from line positions using 
2 k 
( \) 1 - \) 3 ) = ( \) 2 - \) 4 ) = [ ( c A - c B ) 2 + JAB] z 
pattern was observed. 
e Peak at T4.02 also present due to ~10% of [RuC1 2 (C 6 B6 )] 2 impurity. 
f J(P-H)< 1.0 Hz. 
g Peak at T4.60 also present due to ~10% of [RuC1 2 (C 6 H6 ) (PMePh 2 )] impurity. 
~ 
~ 
Structure and Bonding in RuC1 2 (arene)L 
Introduction 
The geometry of the arene ring in n-arene chromium 
complexes has been a matter of controversy for some time. An 
early X-ray structural analysis of bis(benzene)chromium50 
suggested alternating C-C distances of 1·353 and 1·439X for 
42 
i the carbon atoms of the benzene rings. Later studies, for 
example by gas-phase electron diffraction53 , indicated that any 
0 
difference in the C-C bond lengths must be less than 0·02A. 
More recently, a low temperature (100K) X-ray diffraction study51 
0 
found that the c-c distances are all equal to within O·OOlA. 
However, a recent neutron diffraction study52 of Cr{C 6H6 ) 2 gives 
evidence for D3d symmetry with alternating C-C distances of 
0 
1·406 and 1·424A. A similar controversy over C-C bond lengths 
in the benzene ring of the complex Cr{C 6 H6 ) {C0) 3 has been 
recently resolved by low temperature {78K) X-ray and neutron 
diffraction studies55 which showed a small but statistically 
significant alternation in the C-C bond lengths {Figure 2.5), 
effectively reducing the benzene ring to three-fold symmetry, 
158 
as indicated by an earlier i.r. study . 
QC 
I· 401 
Cr 
C 
0 
1·418 
co oc 
1·404 
Cr 
C 
0 
1·419 
co 
0 {a). C-C Bond lengths (A) from X-ray data 0 (~. C-C Bond lengths (A) from neutron data 
Figure 2.5 
,-
43 
Interestingly, if it is assumed that the chromium atom 
is bonding preferentially to the longer carbon-carbon bond, 
then a trigonal prismatic rather than octahedral co-ordination 
exists. In both bis(benzene)chromium and benzenechromium 
tricarbonyl, the arene rings are found to be accurately planar, 
except in the neutron diffraction study of Cr(C5H5)2 where they 
were suggested to be slightly puckered. 
Single crystal X-ray diffraction analyses have been 
carried out by Dr G.B. Robertson on the complexes 
results are shown in Figures 2.6 and 2.7, and the corresponding 
structure parameters are given in Tables 2.3, 2.4, 2.5 and 2.6. 
The present stage of refinement gives R=6% for 
The molecules have a half-sandwich structure in which the 
n-arene rings and the three other ligands are mutually 
staggered, but with an important difference from Cr(arene) (CO) 3 
in that in the ruthenium(II) complexes the rr-arene rings are 
slightly but significantly non-planar. In each complex the 
ring is slightly bent about C(43)-C(46), the associated 
dihedral angles being 5°(benzene) and 2°(p-cymene). The 
ruthenium-carbon distances occur as one set of four equivalent 
short bonds and one set of two equivalent long bonds, the two 
long bonds in each case being trans to the tertiary phosphine 
ligand. The average ruthenium-carbon distances of 2·19 and 
0 2·27A for the shorter and longer bonds respectively in 
0 
RuC1 2 (C 6H6 ) (PMePh 2 ) and 2·21 and 2·2SA in 
(b). 
Agure 2.6. The structure of RuCl2(C1Hg)(PMeflt'2). 
Cl-Ru-Cl • 87.s· 
P- Ru·Cl1 = 8.4.3• 
P- Ru·Cl2~ 86.6. 
41 42 
44 
p 
44 
C61 
(b). 
Cl-Ru-Cl • 88.1• 
P-Ru-Cl1 • 85.6• 
P-Ru.Cl2•83.6• 
p 
45 
44 
46 
TABLE 2.3 
E.s.d. 'sin parentheses 
0 0 
ATOMS BOND LENGTH(A) ATOMS BOND LENGTH(A) 
Ru-C (41) 2·27(1) C(41)-C(42) 1·36(1) 
Ru-C(42) 2·27(1) C(42)-C(43) 1·46(1) 
Ru-C(43) 2·18(1) C(43)-C(44) 1·47(1) 
Ru-C(44) 2·20(1) C(44)-C(45) 1·44(1) 
Ru-C(45) 2·19(1) C(45)-C(46) 1·41(1) 
Ru-C(46) 2·19(1) C(46)-C(41) 1·40 (1) 
Ru-P 2·335(3) P-C(21) 1·82(1) 
Ru-Cl(l) 2·410(3) P-C(31) 1·81(1) 
Ru-Cl(2) 2·409 (3) P-C(l) 1·83(1) 
TABLE 2.4 
Bond Angles . RuCl2(C6H6) (PMePh2) in 
ATOMS ANGLE (DEG. ) ATOMS ANGLE (DEG. ) 
P-Ru-Cl (1) 84·3(1) Ru-P-C(l) 117·0(3) 
P-Ru-Cl(2) 86·6(1) Ru-P-C(21) 117·0(3) 
Cl(l)-Ru-Cl(2) 87·5(1) Ru-P-C(31) 112·0(3) 
C(l)-P-C(21) 104·0(4) C(21)-P-C(31) 104·0(4) 
C(l)-P-C(31) 104·0(4) C(43)-C(44)-C(45) 118·0(10) 
C(41)-C(42)-C(43) 120·0(10) C(44)-C(45)-C(46) 119·0(10) 
C(42)-C(43)-C(44) 119·0(10) C(45)-C(46)-C(41) 121·0(10) 
C(46)-C(41)-C(42) 123·0(10) 
47 
TABLE 2.5 
Interatomic Distances in RuC1 2 (p-MeC 6H4CHMe 2 ) (PMePh 2 ) 
0 0 
ATOMS BOND LENGTH(A) ATOMS BOND LENGTH(A) 
Ru-C(41) 2·26(1) C(41)-C(42) 1·41(1) 
Ru-C(42) 2·24(1) C(42)-C(43) 1·43(1) 
Ru-C(43) 2·21(1) C(43)-C(44) 1·43(1) 
Ru-C(44) 2·21(1) C(44)-C(45) 1·43(1) 
Ru-C(45} 2·21(1) C(45)-C(46} 1·39(1} 
Ru-C(46} 2·23(1} C(46}-C(41} 1·44(1} 
Ru-P 2·341(3} P-C(21} 1·83(1} 
Ru-Cl(l} 2·412(3} P-C(31} 1·81(1} 
Ru-Cl(2} 2·415(3) P-C(l} 1•84 (1} 
TABLE 2.6 
ATOMS ANGLE ( DEG . } ATOMS ANGLE (DEG. } 
P-Ru-Cl(l} 85·6(1) Ru-P-C(l) 116·0(4) 
P-Ru-Cl(2) 83·6(1) Ru-P-C(21) 117·0(4) 
Cl(l)-Ru-C1(2) 88·1(1) Ru-P-C(31) 113·0(4) 
C(l}-P-C(21) 102·0(4) C(21)-P-C(31) 103·0(4) 
C(l)-P-C(31) 103·0(4) C(43)-C(44)-C(45) 119·0(10) 
C(41)-C(42)-C(43) 122·0(10) C(44)-C(45)-C(46) 122·0(10) 
C(42)-C(43)-C(44) 119·0(10) C(45)-C(46)-C(41) 120·0(10) 
C(46)-C(41}-C(42) 119·0(10) 
for other ruthenium-arene complexes, for example, 
0 146 ° 2·24A in Ru 6C(CO) 14(1,3,5-C 6 H3Me 3) and 2·25A for the 
h h . . ( ) 104 exa apto-ring in Ru C6Me 6 2 • No structural analyses of 
other ruthenium(II)-arene complexes have been reported. 
The estimated standard deviation of the carbon-carbon 
bond lengths in the arene rings is too great at the present 
stage of refinement for much comment. However, it is 
interesting to note that in RuCl2(C 6H6 ) (PMePh2) the C-C bond 
trans to the phosphine ligand and furthest from the Ru atom 
0 
is significantly shorter (1·357A) than the other C-C bond 
0 
lengths of the ring (average 1·437A). 
Except for small differences in bond angles subtended at 
the metal atoms and in the dihedral angles defining the axial 
orientation of the n-arene rings { the angle between the planes 
defined by C(45)-ring centre-Ru and ring centre-Ru-Pis 31° 
and 35° in the benzene and p-cymene complexes respectively 
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[see Figures 2.6(b)and 2.7(b)J}, corresponding bond distances 
and bond angles for the two complexes are uniformly equa l within 
experimental error. Though small, the angular differences are 
statistically highly significant and probably reflect the 
differing steric requirements of the two arenes. There i s no 
significant difference in the Ru-ring distance for the two 
complexes, although arene exchange experiments show that 
p~cymene is more easily displaced than benzene from the 
complexes (see Chapter 3). 
The non-planarity of the arene rings requires further 
comment. Much larger distortions of arene rings have been 
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observed in the tetrahapto-arene complexes 
Rh(n 5 -C 5 H5 ) [n 4 -C 6 (CF 3 ) 6 ] lOl and Ru(n 6 -C 6 Me 6 ) (n 4 -C 6Me 6 ) 104 , 
but there are only two established examples of significantly 
distorted hexahapto-arenes: 
159 Rh[P(OMe) 3 ] 2 (PhBPh 3 ) • The explanation for the arene 
distortion in [PdAlC1 4 (C 6 H6 )] 2 (Figure 2.8 and Table 2.7) is 
that the benzene rings are acting as conjugated dienes, 
IT-co-ordinating to two palladium atoms, while the formally 
unco-ordinated C=C bond in each ring donates part of its 
IT-electron density into empty d-orbitals on the palladium atoms. 
C(I) 
I 
Figure 2.8 
TABLE 2.7 
Some Interatomic 
Pd(l)-C(l) 2·37 
Pd(l)-C(2) 3·03 
Pd(l)-C(3) 3·49 
Pd(l)-C(4) 3·38 
Pd(l)-C(5) 2·77 
Pd(l)-C(6) 2·26 
I 
I 
I 
I 
I 
I 
I 
I 
I 
0 
Distances(A)in 
Pd(2)-C(l) 
Pd(2)-C(2) 
Pd(2)-C(3) 
Pd(2)-C(4) 
Pd(2)-C(5) 
Pd(2)-C(6) 
Estimated Standard deviations: 
CIAICl3 
C(5),C(6) C(l),C{4) 
'C(2),C(3) Pd &c-
1~---
"-
View along Pd-Pd bond 
[PdAlC1 4 1£6 H6 L) 2 
3·03 C(l)-C(2) 1·38 
2·37 C(2)-C(3) 1·40 
2·27 C(3)-C(4) 1·38 
2·77 C(4)-C(5) 1·37 
3·31 C(5)-C(6) 1·41 
3·51 C(6)-C(l) 1·45 
0 
Pd-C 0·013A 
0 
c-c 0·035A 
Distortion is therefore said to arise from the tendency to 
improve the overlap between the orbitals involved, causing 
C(2) and C(3) to bend towards the two Pd atoms resulting in a 
ring dihedral angle of 7° about C(l) and C(4). 
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In Rh[P(OMe) 3 ] 2 (PhBPh 3 ) (Figure 2.9), the IT-bonded phenyl 
ring has a boat configuration with the associated dihedral 
angles being 6°, while the non-IT-bonded phenyl rings are planar. 
It was stated159 that while this distortion might be a 
consequence of packing forces it might also result from a slight 
localisation of the bonding molecular orbitals of the ring on 
the carbon atoms C(2),C(3) ,C(S), and C(6). 
I P"38-._..___ '· ~, 
\ /, 2 1·42 
\ S7S7 \ / 
\ \ 
\ ' I 
',6 \ \ 1·39 / 
\ \ 2·30 
'2·33' \ 
2·41\ \ \ I I 2·40 \ \ I I \ \ I/ I 
\ \\/1 I 
'Rh' 
,, 
(0Me)3 P P(OMe)3 
(a}. Structure of Rh ~(OMe~2(PhBPh3} 
with some interatomic distances (A}. 
Figure 2.9 
4 
P(OMe)3 
(OMe~P 5 
-·02 
(b). Molecular configuration including 
• deviations (A) of ring carbon 
atoms from the mean plane 
of the ring. 
it is significant that the two longest Ru-C distances are those 
trans to the phosphine ligand. The asymmetric metal-arene 
bonding may be attributed to the trans bond-weakening property 
of the tertiary phosphine. The trans influence of phosphine 
1 . d . h h h -. hl . d . 160 d f igan sis muc greater tan tat or c ori e ion an, or 
example, gives rise to the asymmetric rr-allyl bond in 
161 PdCl(n 3-2-methallyl) (PPh 3 ) • The fact that the arene rings 
are bent, and not merely tilted, implies significant 
localisation of the ring IT-electrons. 
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The rr-arene ring in[(n 6-C 6 H5 ) (C 6 H5 )AsCH 2As(C 6H5 ) 2 ]Cr(COtf 2 
(Figure 2.10) is planar within experimental error, despite 
the inequivalence of the trans ligands, although the rr-arene 
ring is tilted such that the shortest Cr-C(ring) distance is 
trans to the arsenic ligand. This tilting however has been 
attributed to steric rather than other effects163 . However, it 
may be that the difference between the trans influence of the 
arsine ligand and that of the carbonyl groups is not great 
enough to produce significant distortion and electron 
localisation in the rr-arene ring (c.f.the much greater trans 
bond-weakening effect of phosphine compared to chlorine). 
Figure 2.10 
0 
C 
I 
'/ 
I 
I 
2·180 
I 
I 
co 
0 
e.s.d. for Cr-C{ring) = 0·005 A 
The structure of 
[ (n6-c 6 H5 ) (C 6 H5 )AsCH 2As (C 6 H5 ) 2 ]Cr (CO) 2 
0 
with Cr-C(ring) distances (A). 
The smaller distortion induced in the p-cymene ring 
compared to the benzene ring may be a manifestation of the 
differing steric requirements of the two rings, although the 
increased IT-electron density in the p-cymene ring due to the 
inductive effect of the alkyl groups may also reduce this 
distortion by increasing the electron delocalisation energy 
and thus making localisation less facile. 
No indication of the non-planarity of the arene ring in 
RuC1 2 (arene)L has been observed in their n.m.r. spectra. For 
example, there is no change in the arene signal (apart from 
slight viscosity broadening) on cooling a solution of 
RuC1 2 (C 6 H6 ) [P(C 8 H17 ) 3 ] in CDC1 3/CS 2 to -100°, and the same is 
true for CD 2 Cl 2 /CHFC1 2 solutions of RuC1 2 (1,3,5-C 6 H3Me 3 ) (PBu~) 
n 
and RuC1 2 (C 6Me 6 ) (PBu 3 ) cooled to -125°. Solubility problems 
precluded cooling to lower temperatures. Three possible 
explanations for this equivalence of the n-arene ring or 
methyl protons are: (a) the rings are planar in solution and 
non-planar in the solid state; (b) the rings are non-planar in 
solution but the proton inequivalence is unresolvably small; 
or (c) the ring is flipping rapidly enough on the n.m.r. time 
scale, even at -125°, that proton equivalence is observed. 
The staggered configuration of the three ligands with 
respect to the carbon atoms of the n-arene ring in 
[Figure 2.ll( e)] is also of interest. The same configuration 
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is observed in Cr (C 6 H6 ) (CO) 3 and Cr (C 6 Me 6 ) (CO) 3 [Figure 2 .11 (a)], 
but in Cr(C 6 H5 0Me) (C0) 3 [Figure 2.ll(b)] and Cr(o-MeC 6 H4 NH 2 ) (C0) 3 
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[Figure 2.ll(c)] the Cr-CO bonds point towards the carbon atoms 
of the ring which are ortho- and para- to the electron 
. 164 165 
releasing substituents (-OCH 3 and -NH 2 respectively) ' . 
These are the positions at which the electron density for 
bonding with octahedrally directed orbitals should be greatest, 
and give rise to an eclipsed configuration. 
Cr(methylbenzoate) (C0) 3 [Figure 2.ll(d)] adopts a different 
eclipsed configuration where the Cr-CO bonds point towards the 
carbon atoms which are meta- to the electron withdrawing 
In the mixed bromo-chloro-ruthenium 
n 
complex, RuBr1.sClo.s(C 6 H6 ) (PBu3 ), prepared by incomplete 
halide exchange on reaction of the analogous dichloro-complex 
. h 1· h' b 'd ( h 3) d'ff . d 167 wit it ium romi e see C apter , X-ray i raction ata 
show that the ligands are eclipsed with the carbon atoms of the 
benzene ring [Figure 2.ll(f)]. 
R 
oc-~cr 
R 
R=H,Me R 
(a). Cr(~R6)(C0)3 
C02CH3 
oc 
co 
R 
co 
co 
oc co 
co 
(b). Cr(C6H50Me)(C0)3 
R 
c, .. ii--Ru 
Cl Br 
• I 
R 
(d). Cr( C6H5COz(:~)(C0)3 (e). RuCl2(:~HJ (PMePh~ (f). RuBr1.~lo.5(C6H s)(PBu~) 
RuCl2Ce-CH3C6H4CHMe2)(PMeP"2) 
Figure 2.11 
Further, it has been shown167 that both the dichloro- and 
dibromo-complexes, RuC1 2 (C 6H6) (PBu~) and RuBr2(C 6 H 6 ) (PBu~), 
are isostructural with the mixed bromo-chloro-complex and 
therefore also adopt the eclipsed configuration. It seems 
likely therefore that the phosphine ligand plays a role, as 
yet undetermined, in determining whether RuC1 2 (arene) (PR 3 ) 
adopts a staggered or eclipsed configuration. 
54 
55 
EXPERIMENTAL 
All reactions were carried out in a dry nitrogen 
atmosphere. Melting points were determined on a Gallenkamp 
melting point apparatus and are uncorrected. Infra-red spectra 
were measured on PE225 and 457 spectrophotometers, as nujol mulls 
on caesium iodide plates. N.m.r. spectra were recorded at 34° 
on either a Varian HA-100 or a Jeolco MH-100 instrument, and 
variable temperature n.m.r. spectra were obtained on a 
Jeol C60-HL instrument. TMS was used as internal reference. 
Microanalyses and molecular weight determinations were carried 
out by the analytical departments of the Research School of 
Chemistry and the John Curtin School of Medical Research at the 
Australian National University. Conductivities were measured 
using a Philips GM4144 bridge with a PW9510 conductivity cell. 
Ultra-violet irradiations were carried out with a Pen-ray 5·5w 
mercury lamp, Model llSC-1, which fitted into the neck of a 
15ml glass tube. 
Starting materials 
Ruthenium trichloride was obtained from Johnson and 
Matthey Co. Wembley England. Cyclohexa-1,3-diene, 
cyclohexa-1,4-diene, and oc-phellandrene were used as received. 
Other cyclohexa-1,4-dienes were prepared by metal-ammonia 
. 168 169 
reduction of arenes ' . The following modification of the 
literature method170 was used to prepare 
1,3,5-trimethylcyclohexa-l,4-diene. 
Lithium (12g) was added slowly to liquid ammonia (600ml). 
To the deep blue solution was added dropwise a mixture of 
mesitylene(50g) and t-butanol(llOml) in freshly distilled 
THF(l20ml). The mixture was stirred for 2h, and methanol (100ml) 
and water (100ml) were cautiously added. The mixture was left 
overnight. The product was extracted with 3x200ml portions of 
ether, drie d (Na 2 S0 4 ) and distilled to yield 21g (41%) of the 
required 1, 4-diene, b.p.148-150°/712mm. 
Preparation of [RuX 2 (arene)] 2 complexes 
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(a)Di-µ-chl orobis[chloro(n-benzene)ruthenium(II)], [RuC1 2 (C 6 H6 )] 2 : 
---
Hydrat e d ruthenium trichloride(2·0g) in ethanol(lOOml) was 
heated under reflux with cyclohexadiene (either 1,3- or 1,4-diene) 
(10ml) for 4h . The brown precipitate was filtered off, washed 
with methanol , and dried in vacuo (1·83g,95%). 
The analogous bromo-compound was prepared similarly from 
ruthenium t ribromide. Yield 53%. 
Similarly prepared from ruthenium trichloride and the 
appropriate cyclohexadiene were: 
[RuC1 2 (p~MeC 6 H4 CHMe 2 )] 2 from ~-phellandrene(4h,65%); 
[RuC1 2 (mes itylene)] 2 from 1,3,5-trimethylcyclohexa-l,4-diene (16h,90%); 
[RuC1 2 (an i sole)] 2 from l-methoxycyclohexa-1,4-diene in methanol (30h,25%); 
and [RuC1 2 (toluene)] 2 from l-methylcyclohexa-1,4-diene (18h,85%). 
(b) Di-µ-chlorobis[chloro(n-p--xylene)ruthenium(II)], 
[RuC1 2 (p~xylene)] 2 
Hydrated ruthenium trichloride (l·Sg) in ethanol (65ml) 
was heated under reflux with l,4-dimethylcyclohexa-1,4-diene 
(3ml). After 3h the black solid which had precipitated was 
centrifuged. The supernatant orange-brown solution was stirred 
at room temperature for 2 days. The dark orange precipitate 
which fo rmed was filtered off, washed with methanol, and dried 
in vacuo (O·lg,6%). 
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(c) Di- µ-iodobis[iodo(n-benzene)ruthenium(II)], [RuI 2 (C 6 H6l] 2 
Hydrated ruthenium trichloride (l·Og) in ethanol(SOml) 
was stirred with sodium iodide (ll·Sg,20-fold excess) for 6h. 
Cyclohexa-1,3-diene(Sml) was added and the mixture heated under 
reflux for 18h. The dark red precipitate was filtered, washed 
thoroughly wi t h water and methanol, and dried. in vacuo(1·40g,84%). 
(d) Di-µ-chlorobis[chloro(n-hexamethylbenzene)ruthenium(II)], 
[RuCl2(C5Me5l]2 
(i) [RuCl2(p -MeC 6H4CHMe 2 )]2(l·Og) was stirred with 
hexamethylbenzene (10g) at 170° for 2h. The mixture was cooled 
and the hexamethylbenzene removed by repeated washing with 
hexane. The remaining red-brown solid was dried in vacuo 
(0·87g,80%) . 
(ii) [RuC1 2 (cycloocta-l,5-diene)]n (O·Sg) was stirred with 
hexamethylbenzene (10g) at 170° for 3h. Chloroform was added 
to the coo l ed mixture, and the resulting orange solution was 
filtered l eaving much unreacted starting material. Red crystals 
of the compl e x were formed from the chloroform solution after 
3 days. The red crystals were filtered, washed with benzene, 
and dried in vacuo (O·OSg,9%). 
Cleavage of co-ordinated arene from [RuC1 2 (anisole)] 2 
A solution of sodium cyanide (0·25g) in water (6ml) was 
treated with solid [RuC1 2 (anisole)] 2 (0·05g) and the mixture 
heated under reflux for lh. The solution was extracted with 
CC1 4 (2x5ml) and dried (MgS0 4). Its i.r. spectrum was identical 
with that of an authentic sample of anisole in CC1 4 • 
Preparation of RuC1 2 (arene)L complexes 
(a) Dichloro(tri-n-butylphosphine) (n-benzene)ruthenium(II), 
n RuC1 2 (C 6 H6 ) (PBu3 ) 
[RuC1 2 (C 6H6 )] 2 (0·5g) suspended in benzene (20ml) was 
heated with a slight excess of tri-n-butylphosphine(lml) for 
4h. Solvent was removed under reduced pressure, and the 
residual brown solid was recrystallised from dichloromethane/ 
hexane to give red crystals of the complex (O·SSg,60%). 
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Similarly prepared from [RuC1 2 (C 6H6 )] 2 and the appropriate 
ligand were the dichloro-complexes of tri-n-octylphosphine 
(brown solid,80%) , dimethylphenylphosphine(red crystals,66%), 
methyldiphenylphosphine(red crystals,70%), 
triphenylphosphine(red crystals,60%,from chloroform/n-heptane), 
trimethylarsine(red crystals,27%), and 
dirnethylphenylarsine(red crystals,33%,from chloroform/n-heptane). 
Similarly prepared from [RuBr 2 (C 6 H6 )] 2 and the appropriate 
ligand were the dibrorno-complexes of 
tri-n-butylphosphine(dark red crystals,64%), and 
methyldiphenylphosphine(dark red crystals,65%). 
(b) Dichloro( trimethylphosphite) (n-benzene)rutheniurn(II), 
RuC1 2 (C 6 H6 ) [P(OMe) 3 ] 
heated to 70° with an equimolar amount of trimethylphosphite 
(O·OSg) for lh. The brown solution was evaporated to dryness , 
and the residue was washed with n-pentane(3x5ml). The brown 
solid was dissolved in chloroform (10ml), filtered, and 
evaporated to dryness under reduced pressure. The resulting 
red-brown complex was dried in vacuo (0·06g,40%). 
(c) Dichloro(tri-n-butylphosphine) (n-p-cymene)ruthenium(II), 
n RuC1 2 (p--MeC 6 H4 CHMe 2 ) (PBu3 ) 
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[RuC1 2 (~-cymene)] 2 (0·37g) suspended inn-hexane (20ml) 
was heated under reflux with tri-n-butylphosphine(0·4g) for 4h. 
Supernatant liquid was decanted and the red solid was 
recrystallised from dichloromethane/hexane. The red crystals 
of the complex were dried in vacuo (O·S2g,85%). 
Similarly prepared from [RuC1 2 (p--cyrnene)] 2 and the 
appropriate ligand were the dichloro-cornplexes of 
rnethyldiphenylphosphine(red crystals,75%), triphenylphosphine 
(red crystals,90%), and pyridine(orange crystals,77%). 
(d) Dichloro(dirnethylphenylphosphine) (n-p--cyrnene)ruthenium(II), 
RuC1 2 (p-cyrnene) (PMe2Ph) 
[RuC1 2 (p--cymene)] 2 (0·2 g) was heated to 40° with 
dimethylphenylphosphine(3rnl) for 4h. The red product was 
extracted with dichlorornethane(20rnl), and the solution was 
filtered. On evaporation to -Srnl red crystals were formed. The 
mother liquor was decanted and the crystals were recrystallised 
from dichlorornethane/4 0-60°petroleum ether and dried in vacuo 
(0·18g,60%). 
The analogous dirnethylphenylarsine complex was prepared 
similarly as orange-red crystals (36% yield). 
(e) The following complexes were made as in (c) 
dichloro(rnethyldiphenylphosphine) (n-p--xylene)ruthenium(II), (red 
solid,85%); dichloro(methyldiphenylphosphine) (n-anisole) 
ruthenium(II), (red crystals,68%); 
dichloro(tri-n-butylphosphine) (n-toluene)ruthenium(II), (red 
crystals,65%); dichloro(dimethylphenylphosphine) (n-mesitylene) 
ruthenium(II), (red crystals,75%). 
(f) Dichloro(pyridine) (n-mesitylene)ruthenium(II), 
RuC1 2 (1,3,5-C5H3Me3)py 
[RuC1 2 (mesitylene)] 2 (0·3g) was heated under reflux with 
pyridine (15ml) for 2h. Hexane (20ml) was added and the red 
solid which precipitated was filtered. Recrystallisation from 
dichloromethane/hexane gave orange-red crystals of the complex 
(0·3g,78%). 
A similar reaction with [RuC1 2 (C 6H6 )] 2 and pyridine gave 
(g) Di-iodo(dimethylphenylphosphine) (n-benzene)ruthenium(II), 
RuI 2 (C5H5) (PMe2Ph) 
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[RuI 2 (C 6H6 )] 2 (1·5g) in benzene (50ml) was heated under 
reflux with dimethylphenylphosphine (O·Sg) for 12h. Chloroform 
(50ml) was added and the solution was filtered. Evaporation 
under reduced pressure and cooling gave deep red crystals of the 
complex (1·90g,95%). 
CHAPTER 3 
SOME REACTIONS OF THE ARENE COMPLEXES OF RUTHENIUM(II), 
[RuC1 2 (arene)] 2 AND RuC1 2 (arene)L 
Introduction 
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The study of reactions of TI-arene-transition metal 
complexes has been largely concerned with reactions on and the 
reactivity of the arene moiety. Although many interesting 
reactions have been reported, the instability of n-arene-
transition metal complexes under the conditions required for 
many organic reactions to take place has meant that the organic 
chemistry associated with such complexes does not have the 
32 diversity associated with, for example, that of ferrocene . 
This is especially true for bis(arene)-transition metal complexes 
where the only known reaction types on the n-arene ring are 
d · 71 d 11 · 66 · d' d · h h re uction an meta ation . As in icate in C apter 1, t e 
organic chemistry associated with the arene tricarbonyl complexes 
of the Group VI metals is more extensive, and it has been shown48 
that in these tricarbonyl complexes the aromatic ring has a much 
enhanced susceptibility towards nucleophilic attack compared to 
the uncomplexed arene, due to the electron-withdrawing effect 
of the M(C0) 3 group. For example, in contrast to the 
unreactivity of chlorobenzene itself, (chlorobenzene)chromium 
tricarbonyl reacts with methoxide ion at 65° to give 
(anisole)chromium tricarbony1 48 . 
Only recently have studies been made on the reactions of 
the non-arene ligands of arene-transition metal complexes. For 
example, Green and co-workers have published a series of papers 
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on the chemistry of arene-molybdenum complexes 87 - 90 . They 
have found that the arene-molybdenum bond is chemically robust 
and can survive in a wide range of chemical environments. Thus, 
for example, treatment of bis(benzene)molybdenum with phosphorus 
ligands L[L=PMePh 2,PMe2Ph,PPh2(0Me) 1 P(OMe) 3, or P(OPh) 3] 
causes displacement of one rr-benzene and the complexes 
Mo(C 6H6 )L 3 are formed in high yield. These compounds are readily 
protonated to form the hydrides [MoH(C5H5)L3]+. The reaction 
of bis(benzene)molybdenum with allyl chloride gives the 
chlorine-bridged dimeric species [M0Cl(n 6-C5H5) (n 3-C3Hs)]2 which 
reacts further with (i) triphenylphosphine to give the 
monomeric complex M0Cl(n 6-C5H5) (n 3-C3H5) (PPh3); (ii) C 3H5MgCl to 
give Mo(n 6-C5H6 )(n 3-C3Hs) 2; (iii) bisdiphenylphosphinomethane to 
give the cationic species [Mo(n 6 -C5H 6 ) (n 3-C 3H5 ) (diphos) ]+; and 
(iv) Tl+BF4 and butadiene to give 
[Mo(n 6 -C5H5) (n 3-C3H 5) (n 4-C4H5)]+BF4 . Thus the chemistry of the 
arene-molybdenum system is quite extensive. However, very little 
is known of the reactivity of other metal-arene systems. 
Some reactions of [RuCl2(C5H5)]2 have recently been 
reported. The reduction of [RuC1 2 (C5H5)]2 with zinc in a carbon 
monoxide atmosphere gives either Ru3(C0)12, H2Ru4 (C0) 1 3 or 
[RuCl2(C0)3] 2 depending on the solvent used171 . The catalytic 
behaviour of [RuC1 2 (C 6 H6 )] 2 has been studied142 and found to be 
quite similar to the hydrogenation catalyst dichlorotris-
(triphenylphosphine)ruthenium(II). For example, 91% pentane 
is produced when a benzene solution of pent-1-ene is treated 
with 20kg/cm2H2 in the presence of [RuCl2 (C5H5)] 2 and 
pyrrolidine at 30°. The reaction mechanism proposed for the 
hydrogenation in DMSO solution involves a rr-arene-ruthenium(II) 
hydride complex, [RuCl(H) (C 6 H6 ) (DMS0)] 2 , although the dimeric 
nature of this complex was assumed by analogy to the earlier 
work of Winkhaus and Singer148 . Evidence for this hydride 
complex was obtained from an n.m.r. spectrum of the red-violet 
solution obtained by treating an aqueous solution of 
RuCl2(C6H 6 ) (DMSO) with 10kg/cm2 pressure of hydrogen in the 
presence of triethylamine, which showed a singlet at T24·9. 
63 
Reaction of [RuC1 2 (C 6H6)] 2 with poly-1-pyrazolylborate 
or poly-1-pyrazolylmethane (Pzj)ligands has given the cationic 
n+ -
species [Ru{C 6H6) (Pz 3Y)] Xn as yellow, air-stable, crystalline 
solids172 (Figure 3.1). 
n+ 
(i). Y= BH-, n= I 
(ii). Y = BPz-, n = I 
(iii). Y= CH , n = 2 
n+ -Figure 3.1. The structure proposed for [Ru{C6H6 ) (Pz 3 Y)] Xn 
As mentioned in Chapter 2, Zelenka and Baird have 
reported some reactions of [RuC12 (C6 H6 )] 2 , and the results of 
h . k . d b l 151-153 t eir wor are summarise e ow . 
They found that the co-ordinated benzene is inert to 
electrophilic attack since attempted Friedel-Crafts acylation of 
in concentrated D2S04 was observed. However, H-D exchange is 
catalysed by sodium ethoxide in 1:1 EtOD-(CD3)2SO. Since 
benzene itself is unaffected under these conditions it was 
concluded that co-ordination to ruthenium(II) makes benzene 
more susceptible to nucleophilic attack. In accordance with 
this conclusion, addition of CN or OH to a DMSO solution of 
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[RuCl2(C6H6)]2 gives yellow cyclohexadienyl complexes which were 
identified from their n.m.r. spectra, but which were too 
unstable to be isolated. Reaction of [RuCl2(C6H6)]2 with 
hydride ion in DMSO appeared to give a cyclohexa-1,3-diene 
complex of ruthenium but no product was isolated. Reaction of 
[RuCl2(C6H6)]2 with HgCl2 in acetonitrile gave 
+ -[RuCl (C6H6) (MeCN) 2] [HgCl3] . RuCl2 (C6H6) (PEt3) reacts with 
HgCl2 to give a cationic species which was presumed to be 
+ [RuCl (C6H6)(PEt 3) (MeCN)] but no cationic product was isolated. 
Zelonka and Baird also report that [RuC12 (C6 H6 )] 2 and 
RuCl2 (C6H6) (PEt3) are inert to attack by alkyllithium and 
Grignard reagents , although this is shown to be incorrect later 
in this chapter. However, they prepared some alkyl complexes, 
RuCl(R)(C 6H6)(PPh 3) (R=CH 3,C 6H5 ) by the reaction of 
[RuC1 2 (C 6H6 )] 2 with dialkylmercury in acetonitrile with the 
subsequent addition of triphenylphosphine. Similar reac t ions 
with tetraallyltin and thallium cyclopentadienide gave 
+ -RuCl(C 6H6 ) (n3-C 3 H5 ) and [Ru(C6H6 ) (C 5 H5 )] Cl respectively. 
The complex Ru(C6 H6 ) (C6 H8 ) (Hg 3 Cl6 )\ was isolated by 
adding HgC1 2 to the mother liquor from the preparation of 
[RuC1 2 (C 6 H6)] 2 ( see Chapter 2) . This complex contains a 
co-ordinated cyclohexa-1,3-diene group and a proposed structur e 
is indicated in figure 3.2. 
Ru, 
Cl-Hg Hg 
4+ 
Figure 3.2.Proposed structure for Ru(C 6 H6 ) (C 6 H8 ) (Hg 3Cl 6 ) ~ 
This chapter describes some reactions of the complexes 
[RuC1 2 (arene)] 2 and RuC1 2 (arene)L which have given a wide range 
of (n-arene)ruthenium(II) complexes and shows that like the 
arene-molybdenum bond, the arene-ruthenium(II)bond can survive 
in a wide range of chemical environments. 
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Results and Discussion 
Cationic Species Derived from [RuC1 2 {arene)] 2 
1. 
Reaction of [RuC1 2 {arene)] 2 {arene = C6H6or p-cymene) with 
hot water gives an orange solution from which an orange solid 
can be precipitated by the addition of ammonium 
hexafluorophosphate. Analytical data are in agreement with the 
formula [Ru2 Cl 3 {arene) 2 ]PF6 , and the benzene complex behaves 
as a 1:1 electrolyte in nitromethane {molar conductivity, 
66 
A -1 2 -1 M - 90 ohm cm mole ). The far i.r. spectra of both complexes 
- l 
show a broad band at ca.260 cm , suggesting that only 
bridging chlorine atoms are present. The appearance of a sharp 
singlet at T3·96 in the n.m.r. spectrum of the benzene complex 
in D2 0 indicates that n6-C 6H6 is still present. The binuclear 
tri-µ-chloro-bridged structure (Figure 3.3) is proposed for these 
. . . l h . 173 . cationic species, ana ogous tote cation in 
+ -[Ru 2 Cl 3 (PEt2 Ph) 6 ] [RuCl 3 (PEt 2 Ph) 3 ] • An analogous salt, 
+ -[Rh2Cl 3 (C 5 Me 5 ) 2 ] BPh4 , is formed from the reaction of 
[RhC1 2 (C 5 Me 5 )] 2 with sodium tetraphenylborate in methano1174 . 
Cl + 
Cl 
Figure 3.3.The proposed structure for [Ru2 Cl3 (C6 H6 )2 ]+ 
+ The formation of [Ru 2 Cl 3 (arene) 2 ] from [RuC1 2 {arene)] 2 
is readily reversed by the addition of lithium chloride to the 
cationic species. 
152 Zelenka and Baird have suggested that solutions of 
[RuCl2(C6H6)]2 in D20 contain the species [RuCl(C 6H6) (D 20) 2]+ 
and [Ru(C 6H6) (D 20) 3 ] 2+, to which co-ordinated benzene 
resonances at T4·07 and T3·97 were assigned. It seems more 
2. 
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In an attempt to prepare arene-ruthenium(II) hydride 
complexes, [RuC1 2 {mesitylene)] 2 was refluxed in ethanol in the 
presence of base (Na 2C0 3 ). This gives a dark brown solution 
which, on addition of ammonium hexafluorophosphate, yields a 
yellow solid with empirical formula, based on elemental analysis, 
of [Ru2(0Et)3{mesitylene)2]PF6.H20. Similar reactions carried 
out in methanol and water give the yellow compounds 
respectively. The reaction of [RuC1 2 (mesitylene)] 2 with 
iso-propanol in the presence of base gives an arene-ruthenium{II) 
hydride complex and is discussed later. 
The complexes of general formula 
[Ru2 (OR)3 (mesitylene) 2]PF6.H20 (R = Et,Me, or H) have been 
characterised by i.r. and n.m.r. spectroscopies, elemental 
analyses, and conductivity data {Tables 3.3 and 3.4). From these 
data the complexes are shown to have a tri-µ-alkoxy-bridged 
structure (Figure 3.4) similar to that proposed for 
+ [Ru2Cl 3 (C 6H6 ) 2 ] above. 
no signals in the range Tl0-30 indicating that a ruthenium-
hydride complex has not been formed. 
+ 
OR 
R= Et, Me, or H 
Figure 3.4.The proposed structure of [Ru 2 (0R) 3 (mesitylene) 2 ]+ 
The n.m.r. data (Table 3.4) show conclusively the presence of 
co-ordinated mesitylene and co-ordinated alkoxy groups in the 
ratio of 2:3, and confirm the formula based on elemental 
analytical data. On co-ordination the alkoxy resonances are 
shifted slightly downfield from the position of the 
corresponding signals of the free alcohol. The intensity of the 
co-ordinated alkoxy group resonances slowly decrease over a 
period of hours in CDCl 3 solution and the corresponding 
resonances for ethanol and methanol appear, together with new 
resonances for co-ordinated mesitylene. This is indicative of 
the exchange of OR- in the complexes [Ru 2 (0R) 3 (mesitylene) 2 ]+ 
(R = Et or Me) in CDCl 3 solution, presumably with Cl-. 
The i.r. spectra of [Ru 2 (0R) 3 (mesitylene) 2 ]PF 6 .H 20 
68 
(R = Et,Me, or H) show no bands in the region 330-250cm- 1 , 
confirming the absence of both terminal and bridging Ru-Cl species. 
The presence of water is shown in all three complexes while, in 
addition, [Ru 2 (0H) 3 (mesitylene) 2 ]PF 6 .H 20 shows a fairly sharp 
1 175 band at 3570cm- indicating the presence of an OH group 
The OH groups were not observed in the n.m.r. spectrum of 
this complex, but this absence is not uncommon in 
hydroxy-transit ion metal complexes. 
showed that it is a 1:1 electrolyte in nitromethane solution 
A -1 2 -1 176 ( 89 ohm cm mole ) . M 
3. Ruthenium Hydride Complexes 
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The reaction of [RuCl2(mesitylene"2 with iso-propanol in 
the presence of base (Na2C03) gives a brown, water-soluble solid. 
Treatment of an aqueous solution of this product with either 
ammonium hexafluorophosphate or sodium tetraphenylborate gives 
an immediate brown precipitate. This precipitate is soluble in 
dichloromethane but only very slightly soluble in water. The 
n.m.r. spectra of both the PF5 and BPh4 salts in CD2Cl2 show 
singlet resonances for co-ordinated mesitylene(T4·78 and T7·65), 
together with a singlet at T29·05 which may be assigned as a 
ruthenium hydride resonance. The ratio of the mesitylene to 
hydride resonances is approximately 1:1, that is, there is one 
hydride ligand per mesitylene ligand. The . spectra show no 1.r. 
-1 
bands in the region 1700-2200cm expected for a terminal hydride 
-1 . 
complex, but a weak, broad band at 1155cm in the spectrum of 
the product isolated from the reaction mixture before the 
- -
addition of PF5 or BPh4 , may be tentatively assigned to a 
bridging Ru-H vibration by comparison with other bridging 
h d ·a 111 y ri es . No bands attributable to either bridging or terminal 
Ru-Cl bonds were present. Repeated attempts to crystallise the 
brown precipitates failed, and microanalytical data suggest that 
they are not pure. The precise nature of these precipitates has 
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not been determined, although it is clear that a 
µ-hydrido-mesityl ene-ruthenium cationic complex is present. 
Similar experiments have been carried out1771178 on the 
isoelectronic complexes [MX 2 (C 5Me 5 )] 2 (M=Rh,Ir; X=Cl,OCOCH 3 ). 
Thus the reaction of [MC1 2 (C 5Me 5 )] 2 with iso-propanol and base 
yields the mono- µ-hydrido-complex [M(C 5Me 5 )] 2 HC1 3 , and a similar 
reaction with [M(OCOCH 3 ) 2 (C 5Me 5 )] 2 yields the cationic 
[ { M (Cs Me 5 ) } 2 H ( OCOCH 3 ) 2 ] + [ H ( OCOCH 3 ) 2 ] - • 
179 It has been shown by isotopic techniques that in 
reactions of this type, a secondary alcohol is oxidised to a 
ketone with the transfer to the metal of the ~-hydrogen of the 
co-ordinated alkoxide (Figure 3.5). 
">, M-H 
' 
Figure 3.5.Mechanism of metal-hydride formation from the 
metal-alkoxide. 
It is convenient to discuss here the preparation of the 
hydrido-complexes RuCl(H) (arene) (PPh 3 ). The reaction of 
[RuC1 2 (arene)] 2 (arene=hexamethylbenzene,mesitylene) with 
iso-propanol and triphenylphosphine in the presence of base 
(Na2 C0 3 ) and a little water gives the terminal hydrido-complexes, 
RuCl(H) (arene) (PPh3 ), in good yield. A similar reaction carried 
complexes RuCl(H) (arene) (PPh3 ) are yellow, crystalline solids 
which decompose slowly in air, although in solution the compl exes 
decompose quite rapidly unless oxygen is rigorously excluded. 
The n.m.r. spectrum of RuCl(H) (C 6Me 6) {PPh 3 ) in CD 2Cl 2 shows a 
multiplet (T2·2-2·8) assigned to triphenylphosphine, a singlet 
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at T8·15 (C 6Me 6), and a doublet at Tl8·97 {Ru-H). The high-field 
doublet {J = 53Hz) collapses to a singlet when it is decoupled 
3 1 
from P of triphenylphosphine. The n.m.r. spectrum of 
RuCl{H) (mesitylene ) (PPh 3 ) shows a similar high-field doublet at 
Tl8·25 [J{P-H)=57Hz], together with resonances for co-ordinated 
mesitylene {T5 ·25 and T8·03) and triphenylphosphine {T2·1-2·7). 
In the i.r. spectra of these complexes, bands at 1952cm- 1 and 
-1 -1 -1 300cm for RuCl(H) {C 6Me 6 ) {PPh 3 ) and at 1985cm and 295cm for 
RuCl{H) {mesitylene) {PPh 3 ), may be assigned to v{Ru-H) and 
v{Ru-Cl) respectively. Analytical data are given in Table 3.3. 
The reaction of RuC1 2 {mesitylene) {PMePh2 ) with sodium 
methoxyethoxyaluminium hydride in benzene gives an air-sensitive 
orange-brown oil which was identified from its i.r. and n.m.r. 
spectra as RuCl{H) {mesitylene) {PMePh2). The complex is too 
unstable to give satisfactory analytical data. The i.r. spectrum 
of RuCl{H) {mesitylene) {PMePh2) in hexane solution shows a band 
-1 
at 1935cm assigned to v(Ru-H). The n.m.r. spectrum in c 6D6 
shows a high-field doublet at T20·2 [J{P-H)=46·5Hz] assigned to 
the hydride ligand, together with resonances for co-ordinated 
mesitylene (T5·10 and T8·02), and methyldiphenylphosphine 
[ T 2 • 0 - 3 • 0 ( P-Ph 2 ) ; T 8 • 1 0 { d , J { P-H ) 9 HZ } ( P-Me ) ] . 
In contrast to the above reaction, Zelenka and Baird have 
reported that the reaction of [RuCl2 {C5H5)]2 with LiAlH4 or 
NaBH4 in d6-DMS0 gives a transient cyclohexadienyl complex and 
the main product appears to be a complex of cyclohexa-1,3-diene, 
f . d 1 h h 1 . 1 t dl51, 152 rom n.m.r. ev1 ence, at oug no comp ex was 1so a e . 
2+ 
4 . [Ru (arene ) (MeCN) 3 ] 
Reactio n of [RuC1 2 (C 6H6 )] 2 with slightly more than two 
equivalents o f silver tetrafluoroborate in acetonitrile at room 
temperature g i ves silver chloride quantitatively. From the 
solution, orange-yellow crystals of [Ru(C 6H6 ) (MeCN) 3 ] (BF 4) 2 can 
be isolat ed. The conductivity of this complex in nitromethane 
<fiM223 ohm- 1c m2mole- 1 ) is consistent with a 2:1 electrolyte 
(the value is in fact rather high, the quoted range being 
- 1 2 -1 A 150-180 ohm cm mole , but a number of examples with M about 
- 1 2 -1 176 220-230 ohm cm mole are known ) . 
The proton n.m.r. spectrum of [Ru(C5H5) (MeCN) 3] (BF4)2 in 
CD 3CN shows s inglet resonances due to co-ordinated benzene and 
acetonitrile (Table 3.4), and the i.r. spectrum shows two v(CN) 
bands as expected for a molecule with c 3v symmetry (Figure 3.6) 
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[c.f. Cr(C 6H6 ) (CO) 3 which shows two v(CO) bands in solution180]. 
Ru 2 + 
/ 
MeCN NCMe 
MeCN 
2+ 
Figure 3.6.Proposed structure of [Ru(C5H5) (MeCN) 3] 
The analogous e-cymene complex 
uncrystallisable oil, but shows the same features of a singlet 
n.m.r. signal for the co-ordinated acetonitrile and two v(CN) 
bands in its i.r. spectrum. 
The dications react with chloride ion to re-form 
[RuCl 2 (arene)] 2 . 
It was hoped that the tris(acetonitrile) complexes would 
be suitable starting materials for a wide range of arene-
ruthenium(II) complexes. However, the arene ligand appears to 
be too easily displaced. Thus, for example, in an attempt to 
prepare the tris(phosphine) complex [Ru(C 6 H6 ) (PMePh 2 ) 3 ] (BF 4 ) 2 
by treating [Ru(C 6 H6 ) (MeCN) 3 ] (BF 4 ) 2 with three equivalents of 
methyldiphenylphosphine , both the acetonitrile and benzene 
ligands were displaced, and no arene-ruthenium complex was 
obtained. 
tetrafluoroborate in dimethylsulphoxide (DMSO) gives silver 
chloride quantitatively, but the co-ordinated benzene is also 
displaced to give the white, cationic ruthenium complex, 
[Ru(DMS0) 6 ] (BF4 ) 2 . This complex has been characterised by 
elemental analysis, and by comparison of its i.r. and n.m.r. 
spectra with the previously reported perchlorate salt, 
[Ru(DMS0)5] (Cl04)2 181 . 
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Halide Exchange Reactions 
The reaction of cyclohexa-1,3-diene with ethanolic 
RuC1 3 and an approximately four-fold excess of lithium bromide 
gives a light brown complex which is not the expected 
dibromo-compound [RuBr2(C5H5)] 2• Its n.m.r. spectrum in 
d 6-DMS0 shows two peaks due to co-ordinated benzene at T3·97 
and T4·00 in a ratio of about 2:1. Reaction with 
tri-n-butylphosphine gives red needles which also show two 
co-ordinated benzene resonances in about 2:1 ratio at T4·38 and 
T4·40; the composition is intermediate between those calculated 
n n for RuC1 2 (C 6H6 ) (PBu3) and RuBr2(C5H5) (PBu3). The peak at T4·38 
is readily identified as being due to RuBr 2 (C 6H6 ) (PBu~) by 
comparison with a sample prepared from RuBr 3 • The peak at T4·40 
is thus suggested to be due to the bromo-chloro-species 
n RuBrCl(C5H 6 ) (PBu3). This assignment is supported by the 
n 
observation that addition of RuC1 2 (C5H5) (PBu3), the benzene 
resonance of which occurs at T4·42, to the solution causes a 
marked decrease in the intensity of the peak at T4·38 relative 
to that at T4·40. Repetition of the original reaction with a 
twenty-fold excess of sodium bromide still gives a mixture of 
dibromo- and bromo-chloro- complexes, though the ratio is now 
1 . 1 1 . . 
167 f h 2 1 about 3: . A singe crysta x-ray examination o t e : 
mixture of the tri-n-butylphosphine adducts shows that the 
compound is homogeneous in the solid state and isomorphous with 
RuC1 2 (C 6 H6 ) (PBu~), so that isomorphous replacement of chloride 
by bromide clearly occurs in this series. 
Treatment of RuC1 2 (C 6 H6 ) (PBu~) with an excess of sodium 
bromide in refluxing butanone gives an inseparable mixture of 
halo-species, whereas, under the same conditions, an excess of 
sodium iodide yields the pure di-iodo-complex RuI 2 (C 6H6 ) (PBun). 3 
The difference in behaviour between NaBr and NaI is presumably 
due to the greater solubility of the latter in butanone. 
Zelenka and Baird report incorrectly that chloride is not 
153 
substituted by iodide in these complexes . 
Unlike the dibromo-complex, the pure di-iodo-complex 
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[RuI 2 (C 6 H6 )] 2 is obtained from the reaction of ethanolic RuC1 3 
and an excess of sodium iodide with cyclohexa-1,3-diene, although 
this may well be a reaction between the .relatively insoluble 
RuI 3 and cyclohexa-1,3-diene. 
The pure dibromo-complex [RuBr 2 (C 6 H6 )] 2 may be obtained 
from [RuC1 2 (C 6 H6 )] 2 by reaction with sodium bromide in water, 
h b 1 k d . dl52 ass own y Ze on a an Bair . 
Arene Exchange Reactions 
The only successful arene exchange reaction carried out 
on the dimeric complexes [RuC1 2 (arene)] 2 is that of 
[RuCl2(£-MeC 6H4CHMe 2)] 2 with hexamethylbenzene. Thus, stirring 
[RuC1 2 (e-MeC 6H4CHMe 2 )] 2 with hexamethylbenzene at about 170° for 
two hours gives a 100% conversion to [RuC1 2 (C 6Me 6 )] 2 . This 
provides a convenient route to the hexamethylbenzene-ruthenium 
refluxing mesitylene gave only 20% conversion to 
[RuC1 2 (mesitylene)] 2 , even after 20 hours. 
If a solution of an arene complex, RuCl2(arene) (PR3), 
is heated or irradiated with u.v. light in an aromatic solvent, 
there is partial or complete exchange of the aromatic groups in 
76 
addition to general decomposition. The results of these 
experiments are summarised in Tables 3.1 and 3.2. It is 
difficult to draw any quantitative conclusions from these data, 
particularly as it is by no means certain that equilibrium has 
been reached in some cases, but the following general conclusions 
seem to be valid: 
1. Benzene is displaced only to a limited extent from 
RuCl2(C5H5) (PBu~) even by more strongly electron-donating 
arenes such as toluene,p-xylene,hexamethylbenzene,or anisole. 
2. Of all the arenes studied, e-cymene (e-MeC5H4CHMe2) is the 
most easily displaced from its PBu~ or PPh3 complexes. Even 
cumene, C 6H 5CHMe 2, completely displaces E-cymene from 
RuC1 2 (p-MeC 6H4CHMe 2) (PBu~) after u.v. irradiation for 4h. 
Since the E-cymene complexes are readily available from 
~-phellandrene (see Chapter 2), the arene exchange method is 
a useful alternative for the preparation of ruthenium(II) 
complexes of arenes such as hexamethylbenzene which do not 
readily undergo metal-ammonia reduction. 
3. Arenes having electron-withdrawing substituents such as Cl,F, 
CF 3, or C0 2Et, fail to displace any arene, even p-cymene. 
It would be useful to be able to compare these results 
with those on arene exchange in the Group VI metal tricarbonyls, 
but unfortunately data are few and occasionally conflicting. 
Thus, Strohmeier and co-workers 182 state that the rate of exchange 
of an arene with its Cr(C0) 3 complex increases in the order 
benzene <toluene<<cycloheptatriene<naphthalene, but in a later 
183 . . . h d 1 paper referring to the same reaction give t e or er to uene< 
benzene<chlorobenzene. Natta et a1 83 have carried out exchange 
TABLE 3.1 
Results of thermally induced arene exchange 
Complex Solvent 
[RuC1 2 (p-MeC 6 H4 CHMe 2 )] 2 hexamethylbenzene 
[RuC1 2 (p-MeC 6 H4 CHMe 2 )] 2 mesitylene 
n benzene RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu-) 
- 3 
n RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu3) benzene 
n RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu3) toluene 
n hexamethylbenzene RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu-) 
- 3 
n RuC1 2 (p-MeC 6 H4CHMe 2 ) (PBu3) a hexamethylbenzene-
n RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu3) a hexamethylbenzene-
RuC1 2 (C 6 H6 ) (PBun) 3 p-cymene 
n RuC1 2 (C 6 H6 ) (PBu3) a hexamethylbenzene-
a . h inn- eptane 
Time 
(h.) 
2 
20 
6 
8 
4 
5 
20 
4 
4 
4 
Temp. 
( oc) 
170 
165 
80 
70 
110 
170 
100 
100 
100 
100 
% 
Exchange 
100 
20 
45 
12 
100 
100 
100 
44 
0 
15 
% Recovery (product+ 
starting material) 
80 
75 
52 
89 
48 
21 
27 
29 
not measured 
29 
-...J 
-...J 
TABLE 3.2 
Results of arene exchange induced by u.v. irradiation 
(for 4h at 14° unless otherwise stated) 
Complex Solvent % Exchange 
n RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu3 ) benzene 57a 
n RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu3 ) toluene 65b 
n RuC1 2 (p-MeC 6 H4CHMe 2 ) (PBu3 ) ethylbenzene 
C 
'v50-
n RuC1 2 (p-MeC 6 H4CHMe 2 ) (PBu3 ) o-xylene 48 
n RuC1 2 (p-MeC 6 H4CHMe 2 ) (PBu3) m-xylene 52 
n RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu3) p-xylene 63 
n RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu3 ) mesitylene 25d 
n RuC1 2 (p-MeC 6 H4CHMe 2 ) (PBu3) cumene 100 
n 
anisole RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu-) 23 
- 3 
n RuC1 2 (£-MeC 6 H4CHMe 2 ) (PBu3) ethyl benzoate 0 
n 
chlorobenzene RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu-) 0 
- 3 
n trifluorotoluene RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PBu-) 0 
- 3 
RuC1 2 (p-MeC 6 H4 CHMe 2 ) (PPh 3 ) benzene 70 
n RuC1 2 (C 6 H6 ) (PBu3 ) p-cymene 0 
% Recovery (product+ 
starting material) 
35 
31 
18 
44 
36 
51 
51 
13 
29 
20 
35 
37 
46 
35 
.....J 
co 
Complex 
n RuC1 2 (C 6 H6 ) (PBu3 ) 
n RuC1 2 (C 6 H6 ) (PBu3 ) 
n RuC1 2 (C5H5) (PBui) 
n RuC1 2 (C 6 H5) (PBui) 
n RuC1 2 (C 6 B6 ) (PBu3 ) 
TABLE 3.2 (Cont'd.) 
Solvent 
toluene 
p-xylene 
cumene 
anisole 
trifluorotoluene 
a 62% after 6h, 10% recovery 
% Exchange 
11 
11 
0 
23 
0 
% Recovery (product+ 
starting material) 
40 
42 
50 
34 
38 
b 100% if solution not cooled during irradiation 
c Sh irradiation 
d 85% after 8h, 50% recovery 
-...J 
I..O 
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reactions analogous to those described for ruthenium(!!) above 
by heating a Cr(arene) (CO) 3 complex with an excess of another 
arene at about 170°. Although there is no obvious correlation 
between the nature of the ring substituents and the extent of 
exchange, it is clear that in the Cr(CO) 3 series, arenes with 
electron-withdrawing substituents such as C02H, C02Me, or C0 2Ph, 
will replace co-ordinated benzene or toluene. This may be a 
reflection of the greater importance of a-bonding relative to 
TI-bonding in the Ru(II)-arene bond compared with that in the 
Cr(O)-arene bond in the Cr(arene) (CO) 3 complexes. The behaviour 
of the alkyl-substituted arenes, and particularly the !ability 
of co-ordinated p-cymene, can be accounted for qualitatively 
on the basis of conflicting a-bonding ef~ects, which should 
favour co-ordination of alkyl-substituted arenes [c.f. the 
increase in metal-ring bond energy in bis(arene)chromium 
1 th 1 b t 't t d . th . 184,185] comp exes as me y groups are su s i u e in e rings , 
and steric effects, which should disfavour the co-ordination of 
arenes having bulky substituents. The importance of steric 
effects in competition with electronic effects in determining 
which of the two possible eclipsed conformations is adopted by 
the Cr(CO) 3 complex of an alkyl-substituted arene has already 
been demonstrated1231124 . 
Despite the greater !ability of E-cymene compared with 
benzene in their ruthenium(!!) complexes, there is no significant 
difference in the metal-ring distances observed in 
so that the energy difference between the metal-ring bonds in 
these complexes is presumably small. 
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Methylruthenium(II)-Arene Complexes 
Few ruthenium-alkyl complexes have been reported. Chatt 
130 
and co-workers prepared a series of complexes of general 
formula RuR 2 (diphos) 2 and RuXR(diphos) 2 (diphos = bisdimethyl-
phosphinoethane, bisdiphenylphosphinomethane, or bisdiphenyl-
phosphinoethane; R = alkyl or aryl; X = Cl,Br,I,SCN, or H) which 
are yellow crystalline solids decomposing slowly in air but have 
high thermal stability. Another series of ruthenium-alkyls, 
s 186 RuR(n -C5H5) (C0)2 has been reported . These are low-melting, 
air-sensitive, colourless or white volatile solids. The 
analogous complexes RuR(n 5-C 5H5 ) (PPh 3) 2 reported by Stone and 
187 
co-workers are stable, yellow crysta~line solids. 
Methylruthenium(II)-arene complexes can be prepared in low 
yield by treatment of RuX2(arene) (PMe2Ph) [X = Cl or I] with 
methyllithium or methyl Grignard reagents contrary to Zelenka 
and Ba1.rd's report1521153 . Th d' th 1 d e 1me y compoun s 
Ru(Me) 2(arene) (PMe2Ph) (arene = C6H6,e-MeC6H4CHMe2, or l,3,5-
C6H3Me3) are obtained using an excess of methyllithium, yields 
being increased by the addition of a small amount of 1,4-dioxane 
to the reaction mixture in order to precipitate lithium 
h l 'd 188 a 1 es . The benzene complex is an air-sensitive, yellow, 
low-melting solid which begins to decompose in the solid state 
above -40°, though its solutions inn-hexane or ether are 
appreciably more stable. The complex can only be isolated from 
the reaction mixture by low temperature chromatography, and has 
been characterised by its proton n.m.r. spectrum (Table 3.4). 
Both the p-cymene and mesitylene complexes are air-sensitive 
yellow oils, but the mesitylene complex is thermally somewhat 
more stable than either the benzene or the e-cyrnene complex. 
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It is stable at 0°, and decomposes slowly at room temperature 
in the absence of air. A small quantity of the thermally stable 
chloro(methyl) complex RuC1Me(C 6 H6 ) (PMe 2Ph) is formed in the 
reaction of RuC1 2 (C6 H6 ) (PMe 2Ph) with methyllithium, and is 
identified by its n.m.r. spectrum (Table 3.4), which shows two 
doublets for the inequivalent methyl groups of co-ordinated 
dimethylphenylphosphine, there being no plane of symmetry through 
methylmagnesium iodide gives <10% yield of the analogous orange 
iodo(methyl) complex. 
The n.m.r. spectra of all these methylruthenium(II) 
complexes show a characteristic doublet [J(P-H)=6·5-8·0 Hz] 
between T8·5 and TlO·O, with the dimethyl complexes in general 
having the higher T value. For both the mono- and di-methyl 
derivatives, J(P-H) for the Ru-CH 3 protons is less than that for 
the P-CH 3 protons. The i.r. spectra of Ru(Me)2(C6H6) (PMe2Ph) 
and RuI(Me) (C 6H6) (PMe 2Ph) show bands at 1190 and 1180cm- 1 
respectively, which are absent from the spectra of the parent 
dihalides, and which are tentatively assigned to the symmetrical 
deformation mode, oCH
3
, of the Ru-CH 3 group on the basis of work 
on methylplatinum(II) complexes189 , and which are also observed 
in RuCl(Me) (diphos) 2 and Ru(Me) 2 (diphos) 2130 . 
The dimethyl compounds are surprisingly unreactive 
towards bromine and iodine, only very small amounts of the 
halo(methyl) compounds being formed slowly at room temperature. 
hydrogen chloride in ether immediately forms the parent 
dichloride. 
The reaction of methylmagnesium iodide in ether with 
Ru Cl 2 (C 6H6 ) L (L = PBu~ or PPh 3 ) in a 1:1 ratio gives an 
approximately 4:1 ratio of Ru(Me) 2 (C5H5)L and RuI(Me)(C 6 H6 )L 
as judged by n.m.r . . spectra, but the compounds have not been 
separated or isolated in a pure state. 
The chloro(methyl) complexes RuCl(Me) (C 6 H6 )L are best 
prepared by the reaction of [RuC1 2 (C 6 H6 )] 2 in acetonitrile with 
dimethylmercury or tetramethyltin, and subsequent treatment of 
the solution with the appropriate tertiary phosphine, as shown 
by Zelonka and Baird153 . 
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TABLE 3.3 
Analytical data, melting points, and some i.r. data on arene-ruthenium complexes 
Compound 
[Ru 2Cl 3 (C5H5)2]PF5 
[Ru 2 Cl 3 (p-MeC 6 H4 CHMe 2 ) -2 ] PF 6 
[Ru 2 (0Et) 3 (1,3,5-C 6 H3Me 3) 2 ]PF&H 20 
[Ru 2 (0Me) 3 (1,3,5-C 6 H3Me 3 ) 2 ]PF&H 20 
[Ru2(0H)3(1,3,5-C5H3Me3)2]PF&H20 
RuCl (H) (C 6 Me 6 ) (PPh 3) 
m.p. 
( oc) 
245 
238 
179-182 
201-203 
192-195 
151-154 
Analyses: found (calc) (%) 
C H X 
24.3(23.6) 2.0(2.0) 15.8(17.4) 
34.0(33.3) 4.0(3.9) 13.6(14.7) 
38.1(38.9) 5.5(5.6) 15.1(15.4) 
36.2(36.1) 4.7(5.0) 15.9(16.3) 
32.85(32.9) 4.6(4.45) 17.2(17.4) 
64.7(64.1) 6.3(6.1) 6.5(6.3) 
[Ru(C 6 H6 ) (MeCN) 3] (BF 4 ) 2 darkens >150 29.8(30.3) 3.2(3.2) 31.75(31.9) 
[ Ru ( DMSO) 6 ] ( BF 4) 2 263-266 19.75(19.4} 4.8(4.9) 
RuI (Me) (C 6 H6 } (PMe 2 Ph} 138 39.1(39.2} 4.5(4.4) 27.7(27.6) 
RuMe2 (1, 3, 5-C5H3Me3) (PMe2Ph) dee. 20 58.9 (58.6) 7.7(7.5) 
a Nitrogen analysis 
b 7.1(CN) (Nujol) 
p 
3.9 (5.0) 
3.2(4.3) 
4.3(4.2) 
4.6 (4.4) 
4.4(4.7) 
5.3(5.5) 
v(Ru-Cl) 
-1 (cm ) 
265 br 
260 br 
300 
a 8.5(8.8)- 2330, 
2300b 
CX) 
~ 
TABLE 3.4 
N.m.r. data for arene-ruthenium complexes a,b 
Compound 
C [Ru 2Cl 3 (C 6H6) 2]PF 6-
[Ru2{0Et) 3 (1,3,5-C 6H3Me 3) 2 ]PF&H 20 
[Ru 2 (OMe) 3 (1, 3, 5-C 6H 3Me 3) 2] PF 6.H 20 
[Ru 2 (0H) 3 (1,3,5-C 6H3Me 3) 2]PF&H 20 
d RuCl(H) (C 6Me 6) (PPh 3)-
d RuCl(H) (l,3,5-C6H3Me3) (PPh3)-
e RuCl(H) (l,3,5-C 6H3Me 3) (PMePh 2)-
f [Ru(C 6H6) (MeCN) 3 ] (BF 4 ) 2-
f [Ru(£-MeC 6H4 CHMe 2) (MeCN) 3 ] (BF 4 ) 2 -
Co-ordinated arene protons 
3.96(s) 
5. 1 7 ( s) , 7. 8 0 ( s, CH 3 ) 
5 • 14 ( s ) , 7 • 7 9 ( s , CH 3 ) 
5 .1 7 ( s) , 7. 8 4 ( s, CH 3 ) 
8 .15 ( s, CH 3 ) 
5 • 2 5 ( s ) , 8 • 0 3 ( s , CH 3 ) 
5. 10 ( s) , 8. 0 2 ( s, CH 3) 
3.77(s) 
h 3.83,4.08(HA,HB,J6)-, 
7.lO(sp,CHMe 2 ),8.02(s,CH 3) 
8.67(d,CH 3 of CHMe 2 , J7) 
Others 
5.50(q,OCH 2-, J7), 
8.62(t,OCH2CH3, J7) 
5.65(s,0Me) 
2.2-2.8(m,Ph), 
18.97[d,Ru-H,J(P-H)53] 
2 .1-2. 7 (m, Ph) , 
18.25[d,Ru-H,J(P-H)57] 
2.0-3.0 (m,Ph) ,8.10 
(d, P-Me-, -J9) , 
20.20[d,Ru-H,J(P-H)46.5] 
7.49(s,MeCN) 
7.48(s,MeCN) 
co 
u, 
RuCl(Me) (C 6 H6 ) (PMe 2Ph) 
RuI(Me) (C 6H6 ) (PMe 2Ph) 
RuMe 2 (C 6H6 ) (PMe 2Ph) 
RuMe 2(1,3,5-C5H 3Me 3) (PMe 2Ph) 
Ruel ( Me ) ( C 6 H 6 ) ( P Ph 3 ) 
RuMe2 (C5H5) (PPh3) 
n RuMe 2 (C 6H6 ) (PBu3 ) 
TABLE 3.4 (cont'd) 
5.37(s)g 
5.25[d,J(P-H)0.9] 
5.39(s)g 
5.78(s)g, 8.33(s,CH 3) 
4.78(s)~ 
5.0S(s)g 
4.70(s)g 
2.68(m,Ph),8.30(d,P-Me,Jl0), 
- - -
8.58[d,Ru-Me,J(P-H)8], 
- -
8.75(d,P-Me,Jl0) 
2.44(m,Ph), 8.17(d,P-Me,Jl0 .5), 
8~57[d,Ru-Me,J(P-H)8], 
8.67(d,P-Me,Jl0.5) 
2 . 7 2 ( m, Ph) , 8 . 7 4 ( d , P-Me , J 8 . 5 ) , 
- --
9.49[d,Ru-Me,J(P-H)7] 
--
2.3-2.9(m,Ph), 8.72(d,P-Me,J8.5), 
9.63[d,Ru-Me,J(P-H)6~5] 
--
2.6-3.0(m,Ph), 
8.76[d,Ru-Me,J(P-H)8] 
2. 6-3. 0 (m,Ph), 
9.93[d,Ru-Me,J(P-H)6.5] 
8.0S(m), 8.53(m), "'9.0{m) 
(n-butyl, partially overlapping 
Ru-Me) , 
8.95[d,Ru-Me,J(P-H)7] 
CX) 
"' 
TABLE 3.4 (cont'd) 
a Measured in CDC1 3 at ~34° except where stated otherwise; chemical shifts (T) relative 
to SiMe 4 as internal standard; Jin Hz. 
b Abbreviations: s, singlet; d, doublet; sp, septet; t, triplet; q, quartet; m, multiplet. 
C 
d 
e 
f 
~ 
Measured in D20 
Measured in CD 2Cl 2 
Measured in C 6D6 
Measured in CD 3CN 
J(P-H) < 1.0 Hz 
h See Table 2.2 for labelling of p-cymene protons. 
CX) 
-...J 
EXPERIMENTAL 
All reactions were carried out in a dry nitrogen 
atmosphere. For details of physical measurements and the 
preparation of [RuX 2 (arene)] 2 and RuX 2 (arene)L see the 
experimental section of Chapter 2. 
Cationic Complexes 
1 Tri-µ-chloro bis(benzene)diruthenium(II)hexafluorophosphate, 
[Ru2Cl3iC5H5l2]PF5 
[RuC1 2 (C 6 H6 )] 2 (0·2g) was heated under reflux with water 
(10ml) for 2 h. The orange solution was filtered and treated 
with a saturated aqueous solution of anunonium hexafluorophos-
phate. After 3 days, the orange precipitate was filtered off, 
washed with water and methanol, and dried in vacuo (O·lg,41%). 
The p-cymene complex, [Ru 2Cl 3 (p-MeC 6 H4CHMe 2) 2 ]PF 6 , was 
prepared similarly from [RuC1 2 (p-cymene)] 2 (0·2g) and was 
recrystallised from chloroform to give orange crystals 
(0-16g, 68%). 
2 Reaction of [Ru2Cl3(C 6 H6 ) 2]PF5 with LiCl 
88 
A mixture of [Ru 2Cl 3 (C 6 H6 ) 2]PF 6 (0-lg) and lithium 
chloride (0-lg, excess) was heated under reflux in ethanol( l Oml). 
After 16h, a red-brown precipitate had formed. Ethanol was 
removed under reduced pressure, and the residual solid washed 
with acetone and dried in vacuo. It was identified from its 
i.r. spectrum as [RuC1 2 (C 6 H6 )] 2 (0.07g, 85%). 
J 
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3 Tri- µ-ethoxybis(mesitylene)diruthenium(II)hexafluorophosphate, 
[Ru 2 (OEt) (mesitylene) 2 ] PF 6 
- - 3 -
A mixture of [RuC1 2 (mesitylene)] 2 (0.3g) and sodium 
carbonate (0.3g ) was heated under reflux in ethanol (15ml) for 
16h. The dark brown s o lution was filtered and treated with a 
saturated aqueous s olutio n of ammonium hexafluorophosphate. 
The yellow prec i pitate was filtered off, washed with ethanol 
and dried in vacuo (0·2lg,57%). 
The tri -µ - methoxy derivative was prepared similarly from 
[RuC1 2 (mesitylene) ] 2 (0-3g) and Na 2 C0 3 (0-3g) in methanol (15ml) 
as a yellow crystalline solid (0·26g,74%). 
4 Tri-p-hydr oxybis(mesitylene)diruthenium(II)hexafluorophosphate, 
[RuCl 2(mesitylene)] 2 (0-4g) and sodium carbonate (0.4g) 
were heated under reflux in water (10ml) for 16h. The yellow 
solution was filtered and treated with a saturated aqueous 
solution of ammonium hexafluorophosphate. The solution was 
evaporated to small volume and allowed to stand for 8 days when 
yellow crys tals of the complex were formed (0·4g, 91%). 
5 Reaction o f [RuC1 2 (mesitylene)] 2 with iso-propanol and base 
[RuC1 2 (mesitylene)] 2 (0.Sg) and sodium carbonate (O·Sg) 
were heate d under reflux in iso-propanol (25ml) for 16h. The 
dark brown s o lution was filtered and evaporated to dryness. The 
resulting b rown solid was washed with benzene and dried in vacuo 
(0-27g). 
(Found: C,3 9·48; H,4·65; Cl,3·85%). 
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To an aqueous solution of this brown solid was added an 
aqueous solution of ammonium hexafluorophosphate. An immediate 
brown precipitate was formed. This was washed with water and 
dried in vacuo. 
(Found: C,34·02; H,4·26; P,4·64; Cl,0·74%) 
N.rn.r. (CD 2Cl 2 ): T4·78 (s), 7.6S(s), 29·05(s) ('\,3:9:1 ratio). 
6 Chlorohydrido(triphenylphosphine) (n-mesitylene)ruthenium(II) 
-------------=-----""-----=----------=-------------- I 
RuCl(H)(mesitylene) (PPh 3 ) 
[RuC1 2 (mesitylene) ] 2 (0·23g), triphenylphosphine(0·225g, 
1 equiv.), and sodium carbonate (0·3g) were heated to 70° in 
iso-propanol(lOml) and water (1ml) for 16h. The dark brown 
solution was evaporated to dryness and extracted with dichloro-
methane to give a yellow solution. This solution was 
chromatographed on deaerated, deactivated, neutral alumina 
under nitrogen. Elution with CH 2Cl 2 gave a yellow solution from 
which yellow crystals of the complex were formed on slow 
evaporation of the solvent (0·12g, 30%). 
RuCl(H)~ 6Me 6 ) (PPh 3 ) was prepared similarly from 
[RuC1 2 (C 6Me 6 )] 2 (59% yield). 
7 Chlorohydrido(methyldiphenylphosphine) (n-mesitylene) 
ruthenium(II), RuCl(H) (mesitylene) (PMePh 2 ) 
RuCl 2 (mesitylene)(PMePh 2 ) (0 · lg) in benzene (15ml) was 
treated with sodium methoxyethoxyaluminium hydride (30~1 of a 
benzene solution containing 0·14 ml/rnrnole H) at 25° for 3h. 
The dark brown solution was evaporated to dryness and extracted 
with hexane to give an orange solution which, on evaporation of 
the solvent, gave an orange-brown oil. This was identified 
from i.r. and n.m.r. spectra as RuCl(H) (mesitylene) (PMePh2). 
8 Tris(acetonitrile) (n-benzene)ruthenium(II) 
di (tetrafluoroborate), [Ru (C 6H 6 ) (MeCN) 3 ] (BF 4 ) 2 
[RuC1 2 (C 6H6 )] 2 (0·5g) in acetonitrile(15ml) was treated 
with silver tetrafluoroborate (0·9g, 2·3 equiv.) and stirred 
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at 35° for 2h. Silver chloride (0·55g, calc. for 2 equiv.0-57g) 
was filtered off to give a clear yellow solution. After 2 days 
at 0°, yellow-orange crystals of the complex had formed 
(0·36g, 38%). 
The p-cymene complex, [Ru(p-MeC 6H4CHMe 2) (MeCN) 3 ] (BF 4 ) 2, 
was prepared similarly from [RuC1 2 (p-cymene)] 2 to give a yellow 
oil (45% yield) which refused to crystallise. 
9 Reaction of [Ru (C 5H 5) (MeCN) 3] (BF 4) 2Wi th LiCl 
A mixture of [Ru (C 6H 6 ) (MeCN) 3] (BF 4 ) 2 ( 0 · lg) and lithium 
chloride (O·lg) was heated under reflux in ethanol (10ml). After 
4h. the red-brown precipitate was filtered off, washed with 
acetone and dried in vacuo. It was identified from its i.r. 
10 Reaction of [RuC1 2 (C 6H 6~] 2 with AgBF 4in DMSO 
A mixture of [RuC1 2 (C 6H6 )] 2 (0·25g) and silver tetrafluoro-
borate (0·45g, 2·3 equiv~) in dimethylsulphoxide (5ml) was 
stirred at 25° for 17h. Silver chloride (0-27g, calc. for 2 
equiv. 0·285g) was filtered off. Dimethylsulphoxide was removed 
from the yellow-green solution by vacuum distillation to leave 
a pale yellow-green oil. Addition of methanol(lOml) gave a 
white precipitate. This was filtered off, washed with methanol, 
and dried in vacuo (0·52g, 70%). The white precipitate was 
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identified as hexakis(dimethylsulphoxide)ruthenium(II) 
ditetrafluoroborate by comparison of its i.r. and n.m.r. spectra 
with the previously reported [Ru(DMS0) 6 ] (Cl0 4 ) 2 • 
Halide Exchange Reactions 
1 Reaction of ruthenium trichloride with LiBr and 
cyclohexa-1,3-diene 
A mixture of hydrated ruthenium trichloride (0·71g), 
lithium bromide (0·9lg, ca. 4-fold excess) and cyclohexa-1,3-
diene (5ml) in ethanol (30ml) was set aside for 1 month. The 
red-brown precipitate of the mixed bromo-chloro-complex was 
centrifuged off, washed with methanol, and dried in vacuo 
(0·77g) 
(Found: C,24·1; R,2·3. Cale. for C6H6Br 2 Ru: C,21·3; H,1·8. 
Cale. for C 6H6Cl 2Ru: C,28·8; H,2·4%). 
N.m.r. (d6-DMS0): T3·98(s), 4·00(s) ('v2:l ratio, C6H6 ). 
The bromochloro-complex (0·43g) and tri-n-butylphosphine 
(3ml) were heated at 120° for 3h. After cooling to room 
temperature, the mixture was extracted with dichloromethane/ 
40-60° petrol (1:3) (2xl0ml) to remove the excess of 
tri-n-butylphosphine , and the residue was then extracted with 
hot 3:1 dichloromethane/heptane (3x20ml). The solution was 
filtered and evaporated under reduced pressure until solid began 
to form. It was then set aside at room temperature for several 
days; red needles of the tri-n-butylphosphine adduct separated 
(0·3g). 
C,41-0; H,6·3%). 
N.m.r. (CDC1 3 ): T4·38 [d,J(P-H) 0·8 Hz, RuBr 2 (C 6 H6 )], 
4·40(d,J(P-H)0·8 Hz, RuBrCl(C 6 H6 )] {l"\,2:1 ratio); 7•9(m), 
8 · 5 (m) , 9 · 0 (m) (n-butyl protons) . 
Repetition of the experiment (1) using a 20-fold excess 
of sodium bromide, and refluxing the mixture for 4h, gave a 
brown solid which showed peaks in its n.m.r. spectrum at 
T3·98(s) and 4·00(s) in a ratio of ~3:1. 
n 2 Reaction of RuC1 2 (p-cymene) (PBu3) with NaBr 
n RuC1 2 (p-cymene) (PBu 3) (Q.Q3g) and sodium bromide (0·19g) 
were heated under reflux in butan-2-one(lOml) for 17h. The 
solution was evaporated to dryness under reduced pressure, the 
solid was washed with water, extracted with dichloromethane 
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and dried (MgS04). The red solution was filtered, evaporated 
to small volume, and the product precipitated by addition of 
n-hexane. Its i.r. spectrum showed the presence of a number of 
-1 bands in the v(Ru-Cl) region, and a new band at 205cm due to 
v(Ru-Br), and its n.m.r. spectrum showed a broad signal at 
T4·62 (cf. starting material, T4·58). Clearly a mixture of 
products was present. 
n 3 Reaction of RuCl 2 (C 6!i_ 6 ) (PBu3 ) with Na! 
RuC1 2 (C 6H 6) (PBu~) (O·lg) in butan-2-one(20ml) was heated 
under reflux with sodium iodide (1·3g) for lh. The solution 
was evaporated to dryness, and the brown solid washed with 
water. The residue was extracted with dichloromethane, the 
solution dried (MgS0 4), and evaporated under reduced pressure 
until solid began to precipitate. Addition of 40-60° petrol 
gave dark red crystals of impure di-iodo(tri-n-butylphosphine) 
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(benzene)ruthenium(II) (O·llg), which showed only one peak due 
to co-ordinated benzene at T4·28. Chromatography on alumina 
and elution with chloroform separated the compound from a small 
amount of a yellow impurity. The product was finally 
recrystallised from CHC1 3/Me0H. 
4 Reaction of ruthenium trichloride with NaI and 
cyclohexa-1 ,3-diene 
A mixture of hydrated ruthenium trichloride (l·Og) and 
sodium iodide (ll·Sg, 20-fold excess) was stirred in ethanol at 
room temperature for 6h. Cyclohexa-1,3-diene (5ml) was added 
and the mixture heated under reflux for 18h. The dark red 
precipitate was filtered off, washed thoroughly with water, and 
methanol, and dried in vacuo (1·40g, 84%). The n.m.r. spectrum 
(d6 -DMSO) showed only one singlet due to co-ordinated benzene 
at T3 · 90, assigned to [RuI 2 (C 5H 5)] 2· 
Arene Exchange Reactions 
The reaction of [RuC1 2 (p-cyrnene)] 2 with hexamethylbenzene 
has been described in Chapter 2. 
Typical examples of the reaction of RuC1 2 (arene)L with 
/ 
arene are described. Results are summarised in Tables 3.1 and 
3. 2. 
1 n The complex RuC1 2 (p-cymene) (PBu3 ) (0·04g) in benzene (10ml) 
was irradiated in a water-cooled vessel for 4h under a nitrogen 
atmosphere. The resulting brown solution was evaporated to 
dryness under reduced pressure and the residue, dissolved in 
chloroform, was chromatographed on neutral alumina. The 
single red band was collected, and the solution evaporated t o 
dryness to yield a red solid, the composition of which was 
determined from its proton n.m.r. spectrum. 
2 n The complex RuC1 2 (p-cymene) (PBu 3 ) (O·OSg) in toluene (20ml) 
was heated under reflux for 4 h. The solution was then worked 
up as in (1) to yield a red solid which was analysed on the 
basis of its n.m.r. spectrum. 
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3 The complex RuC1 2 (p-cymene) (PBu3) (0·25g) was stirred under 
nitrogen with hexamethylbenzene (10g) at 170° for Sh. The 
mixture was cooled and the hexamethylbenzene removed by repeated 
washing with pexane followed by chromatography on neutral 
alumina. Elution with chloroform gave a single red band from 
which red crystals of dichloro(tri-n-butylphosphine) 
(n-hexamethylbenzene)ruthenium(II) were obtained by evaporation 
and recrystallisation from chloroform/n-heptane (O·l4g,21%). 
a-Methyl Derivatives 
(10ml) was cooled to -50° and treated dropwise with methyllith-
ium in ether (5 equiv.). The mixture was stirred and allowed 
to warm to -30°. After 2h, 1,4-dioxane(lml) was added and 
stirring continued for a further 2h. The reaction mixture was 
then filtered under nitrogen and chromatographed at -50° on 
neutral alumina which had been freshly deaerated and deac tivat ed. 
Elution with ether gave a yellow solution which, on 
evaporation to small volume and cooling to -78°, gave a 
yellow solid. This solid darkened on warming to room 
temperature. It was identified as dimethyl(dimethylphenyl-
phosphine) (n-benzene)ruthenium(II) , RuMe 2 (C 6H6 ) (PMe 2Ph), from 
its proton n.m.r. spectrum (Table 3.4). Further purification 
and elemental analysis were impossible owing to the thermal 
instability of the complex. 
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(b) In a second experiment, after addition of 1,4-dioxane 
and stirring at -30° for 2h, ether was removed under reduced 
pressure. The residue was extracted with benzene (2x5ml), and 
the extract chromatographed on neutral alumina. Ether eluted 
two bands, the first of which contained RuMe 2 (C 6H6 ) (PMe 2Ph) 
(n.m.r. identification). The second band gave a yellow solid 
which was identified from its n.m.r. spectrum (Table 3.4) as 
chloro(methyl) (dimethylphenylphosphine) (n-benzene)ruthenium(II), 
Ruel (Me)(C5H5) (PMe2Ph); (<10% yield). 
The :e_-cymene derivative, RuMe 2 (p-MeC 6 H4 CHMe2)(PMe 2 Ph), was 
prepared as in l(a). 
A suspension of RuI 2 (C 6H6 ) (PMe 2Ph) (O·Sg) in ether (15ml) 
was cooled to -40° and treated dropwise with ethereal methyl-
magnesium iodide (l·S equiv.) for 3h with stirring. The orange 
solution was filtered under nitrogen to remove unreacted 
RuI 2 (C 6H6 ) (PMe 2Ph), and was chromatographed on deaerated, 
deactivated, neutral alumina at 0°. Ether eluted an orange 
band which, on evaporation and cooling to -78°, gave an orange 
solid, iodo(methyl) (dimethylphenylphosphine) (n-benzene) 
ruthenium(II), in <10% yield. 
In a similar experiment, RuI 2 (C 6H6 ) (PMe 2Ph) was treated 
with a four-fold excess of methylmagnesium iodide. This gave 
an imporoved (15%) yield of RuI(Me) (C 6H6 ) (PMe 2Ph) but no 
dimethyl derivative was formed. 
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3 Dimethyl (dimethylphenylphosphine) (n-mesitylene)ruthenium(II), 
RuMe 2 (1,3,5-C 6H3Me 3 ) (PMe 2Ph) 
A suspension of RuC1 2 (mesitylene) (PMe 2Ph) (O·Sg) in ether 
(10ml) was stirred with ethereal methyllithium (15ml. of a 5% 
solution) for 2h. Methanol was added to destroy the excess of 
methyllithium and the solution was evaporated to dryness under 
reduced pressure. The residue was extracted with n-pentane. 
The solution was filtered and on evaporation gave a yellow oil, 
which was dried in vacuo at 0°. The compound was stable at 
this temperature, but decomposed slowly at room temperature. 
Exposure to air caused rapid decomposition. 
RuC1 2 (C 6H6 ) (PPh 3 ) (0·2g) in ether (10ml) was stirred with 
methyllithium (2ml of a 5% solution in ether, excess) at -78° 
and allowed to warm to room temperature over a 2h period. Ether 
was evaporated from the green solution, and the product 
extracted with benzene. Benzene was removed in vacuo to leave 
a brown oil, the n.m.r. spectrum of which (Table 3.4) showed the 
presence of a mixture of RuMe 2 (C 6H6 ) (PPh 3 ) (main product) and 
RuCl(Me) (C 6H6 ) (PPh 3). Attempts to purify these complexes by 
chromatography were not successful. 
RuMe2(C6H6) (PMe2Ph) in a C6D 6solution in a n.m.r. tube 
was treated with one crystal of iodine. The tube was shaken 
and allowed to stand at room temperature. After 3 days the 
n.m.r. spectrum showed that only a small amount ( <10%) of the 
dimethyl compound had reacted to form the iodo(methyl) 
derivative, RuI (Me) (C 6H6 ) (PMe 2Ph). 
A similar experiment was carried out with one drop of 
bromine, but no reaction occurred (from n.m.r. spectrum). 
Hydrogen chloride was bubbled through an ether solution 
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of RuMe2(p-MeC6H4CHMe 2 ) (PMe 2 Ph) for 1 minute. A red, crystalline 
precipitate formed. This was filtered off, and dried in vacuo. 
Its n.m.r. spectrum showed it to be RuC1 2 (p-cymene) (PMe 2Ph). 
CHAPTER 4 
SOME RUTHENIUM(O) COMPLEXES WITH ARENE AND 
CYCLOOCTATETRAENE LIGANDS 
Introduction 
Cyclooctatetraene is a versatile ligand which can 
d . . . 1 . . f 33 co-or inate to transition meta sin a variety o ways . 
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The 
five modes of co-ordination to one transition metal atom which 
have been observed (Figure 4.1) are surveyed briefly below so 
that a basis for the preparation and characterisation of the 
ruthenium complexes described in this chapter is established. 
Discussion of the various ways in which cyclooctatetraene bridges 
two metal atoms is excluded from this introduction. 
Cyclooctatetraene is r~duced by alkali metals to the 
planar cyclooctatetraenyl dianion, C8H8
2
-, an aromatic 
lOIT-electron system190 . Metal complexes with planar 
cyclooctatetraene ligands are known for a number of lanthanide 
d . . d l 191 an actini e e ements . 
metal chloride with K2CsHg. 
A typical preparation is to treat the 
Only a few d-block transition metal 
complexes with planar, n 8-C 8H8 ligands are known (see Chapter 1). 
Treatment of Mo(diglyme) (CO) 3 or Cr(NH3) 3(CO) 3 with 
192 193 
cyclooctatetraene gives Mo (CsHs) (CO) 3 and Cr (CsHs) (CO) 3 
respectively. In these complexes, cyclooctatetraene is acting as 
a hexahapto ligand so that the complexes are formally analogous 
to M(cycloheptatriene) (CO) 3194 and M(arene) (CO) 3(M = Cr,Mo,or W). 
,,. -- .... 
/ 
I 
' \
' 
' 
' \ u I 
I __ .... , 
Mo(C0)
3 
(c) ,,,s_ CaHs 
... - ' ,.,,,,--- .... , ' ~ 
' / \ I \ I \ t \ Ti ' ' I , 
/ ...._ ..... 
He 
(f) l,2,3,6-TJ4- C8H8 
M = Fe,Ru, or Os 
M(C0)3 
(g} 1,2,3,4-774- C8H8 
Figure 4.1 The modes of co-ordination of C8 H8 to a 
transition metal 
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The molecule s a re fluxional as shown, for example, by the 
n.m.r. spectrum of Mo(C 8 H 8 ) (C0) 3 which consists of a singlet at 
room temperature indicating equivalence of all eight C
8
H
8 
hydrogen atoms , b ut at -40° the spectrum shows four complex 
. 1 f 1 A X t 1 1 . 195 f signa so equa area. n -rays ructura ana ysis o the 
molybdenum complex shows that six of the eight ring carbon atoms 
are co-planar, the two non-bonded carbon atoms being bent out of 
this plane away from the Mo(C0) 3 group. The uncomplexed 
carbon-carbon double bond in the C8 H8 ring has a characteristic 
stretching freque n cy at about 1670cm- 1 in n~C 8 H 8 metal complexes. 
The sandwich complex Fe(C 8 H8 ) 2 , prepared by the reduction 
of iron salts i n the presence of excess cyclooctatetraene, 
· 6 2 4 . 196 contains one n - and one 1, ,3,4-n -C 8 H8 ring- This molecule 
is fluxional, the n.m.r. spectrum showing a broad singlet at room 
temperature. At -84°, the limiting spectru~ of the hexahapto-ring 
has been reached while the tetrahapto-ring still gives a sharp 
singlet resonance. The i.ro spectrum of Fe(C 8 H8 ) 2 shows a band 
at -1 1662cm as signed to v(C = C) of the uncomplexed double bond 
in h 6 . 197 ten -C 8 H8 ring . 
Irradiation of a benzene solution of Os 3 (C0) 12 and C8 H8 
gives the pale yellow complex Os(C 8 H8 ) (C0) 3 which has been 
assigned the l,2,3,6-n 4-c 8 H8 structure shown in figure 4 . l(ft98 . 
Its n.m.r. spectrum is temperature invariant , consisting of 
four resonances in the ratio of 2:4:1:1, assigned to the 
A,B,C, and D hydrogen atoms respectively. Refluxing this complex 
in cyclohexane causes isomerisation to Os(l,2,3,4-n 4 -C
8
H
8
) (C0)
3
• 
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There are many complexes known where cyclooctatetraene 
retains the tub configuration of the free olefin. Examples of 
complexes with this mode of C8 H8 co-ordination are Mo(C 8 H8 ) (C0) 4 
[prepared by treating Mo(n6-c 8 H8 ) (C0) 3 with co] 199 , 
[Rh(C 8 H8 )C1] 2 200, 20l, Co(C 5H5 ) (C 8 H8 ) 202 , and Pt(CH 3 ) 2 (C 8 H8 ) 203 . 
These complexes are characterised by two sharp lines in their 
n.m.r. spectra [for example, at T4.46 and T5.80 for 
Mo(C 8 H8 ) (C0) 4 ], and a band at ca.1630cm- 1 in their i.r. spectra 
due to the unco-ordinated, non-conjugated carbon-carbon double 
bonds. 
The iron compound Fe(C 8 H8 ) (C0) 3 was first prepared in 
1959 204 - 206 by the reaction of cyclooctatetraene with Fe 3 (C0) 12 • 
It has a singlet lH n.m.r. resonance at room temperature 
indicating fluxional behaviour in solution. X-ray crystallography 
has established a l,2,3,4-n4 mode of co-ordination for the 
. . h 1 · d 207 b C8 H8 ring int e soi state , ut some argument arose as to 
the nature of the molecule in solution. This was mainly due to 
incorrect conclusions based on non-limiting low temperature 
n.m.r. spectra; even at -150°, rotation of the ring has not 
completely frozen out. However, a study of the n.m.r. spectrum 
208 
of Fe(CH 2 DC 8 HD 6 ) (C0) 3 provided good evidence for a l,2,3,4-n4 
mode of co-ordination of the methyl substituted cyclooctatetraene, 
with the methyl group at an inner position of the bound diene. 
Studl·esll2,209,210 of the 1 t t t f ow empera ure n.m.r. spec rum o 
Ru(l,2,3,4-n4-C 8 H8 ) (CO) 3 , which is limiting at a higher temperature 
than that of the iron analogue, show that the structure in 
solution is the same as in the solid. A line shape analysis of 
the spectra at various temperatures suggests that the fluxional 
behaviour arises from a series of 1,2-shifts (see Chapter 1), 
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although a recent report on the low temperature n.m.r. 
spectrum of Os(l,2,3,4-n 4 -C 8 H8 ) (C0) 3 has claimed that the 
limiting spectrum of Ru(C 8 H8 ) (C0) 3 was not obtained in the 
earlier report, and also that some doubt exists on the line shape 
analysis used to deduce a sequence of 1,2-shifts because of the 
closeness of chemical shifts and coupling constants. 
This chapter describes the preparation of the ruthenium(O) 
complexes Ru(n6-arene) (n 4 -C 8 H8 ) and some reactions of these 
complexes. The preparation of these complexes from 
[RuC1 2 (arene)] 2 or RuC1 2 (arene)py is of particular interest since 
there are very few routes to ruthenium(O) species, and this 
method of using the cyclooctatetraene dianion promises to be of 
general utility. These zerovalent metal complexes are also of 
interest as potential catalysts since it has been shown that the 
oligomerisation and co-oligomerisation of unsaturated 
196 hydrocarbons is promoted by Fe(C 8 H8 ) 2 • 
During the course of this work, a report was published212 
on the reaction of K2 C8 H8 with various ruthenium(II) and 
osmium(II) complexes to produce zerovalent metal complexes. In 
this way, the complexes Ru (NBD) (C 8 H8 ) , Os (1, 5-C 8 H12 ) (C 8 H8 ) and 
Ru(PPh 3 ) 2 (C 8 H8 ) (NBD= norbornadiene; l,5-C 8 H12 = 
cycloocta-1,5-diene) were prepared, each containing a n6-c 8 H8 
ligand, and having temperature dependent n.m.r. spectra analogous 
to that of Mo(n6-c 8 H8 ) (CO) 3 • The ruthenium(O) complexes were 
found to react readily with phosphorus ligands or CO to form 
l,2,3,4-n 4-C 8 H8 ruthenium complexes (Equation 4.1). 
Ru(NBD) (n 6-CgHg) ... 4. 1 
Preliminary studies were also made on the utility of 
these complexes as preparative precursors. For example, the 
reaction of Ru(NBD) (C 8 H8 ) with various phosphines was carried 
out. However, mixtures of products such as Ru(NBD)L 3 and 
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RuL (C 8 H8 ) (x = 2 or 3; L = phosphine) were obtained except with X 
in 50% yield. 
Both Ru(NBD) (C 8 H8 ) and Ru(PPh 3 ) 2 (C 8 H8 ) are active catalysts 
for the hydrogenation of but-1-ene under mild conditions 
(1-2 atm. of H2 , 25-60°). Since both Ru(NBD) (C 8 H8 ) (PMe 2 Ph) and 
Ru(C 8 H8 ) (PMe 2 Ph) 3 are essentially inactive under similar 
conditions, it has been suggested that the tendency for C8 H8 to 
prefer n 4 -co-ordination may play a role in determining catalytic 
activity by allowing the reagents involved to gain access to the 
metal centre. 
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Results a n d Discussion 
The reaction of either [RuC1 2 (arene)] 2 or RuC1 2 (arene)py 
(arene = b enzene, mesitylene, or hexamethylbenzene; 
py = pyridine ) with M2C8 H8 (M = Li,Na, or K) in THF gives the 
ruthenium(O) complexes Ru(arene) (C 8H8 ). These ruthenium{O) 
complexes are orange crystalline solids which decompose quite 
rapidly in solution unless oxygen is rigorously excluded. The 
benzene derivative is the least stable of the complexes, and 
could not be cry sta l lised from solution because of decomposition . 
The complexes have been characterised by mass, i.r., and n . m.r. 
spectroscopies, and elemental analysis, except for Ru(C 6H6 ) {C 8 H8 ) 
which was too unstable for satisfactory analyses to be obtained. 
The n.m.r. spectra of Ru(arene) (C 8 H8 ) (Table 4.1) show 
only a single r e sonance for the co-ordinated cyclooctatetraene , 
together with the expected resonances for the n6-arene. This 
is consistent with the cyclooctatetraene being co-ordinated in 
a l,2,3,4-n 4 mode (Figure 4.2), as found in the complexes 
Fe (C 8 Hs ) {CO) 3 and Ru (C 8 H8 ) (CO) 3 • 
Figure 4 . 2 
~ 
I 
\ 
1 I 
----+-- Ru---++--
Proposed structure for Ru(arene) (C 8 H8 ) 
Su rpr isingly, there is no change in the n.m . r. spectra of 
Ru(arene) (C 8 H8 ) (arene = mesitylene or hexamethylbenzene) on 
cooling a so lution of the complex in a 3:2 mixture of CHF
2
Cl 
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and CF 2Cl 2 to -145°. This indicates a very low energy barrier 
to the fluxional behaviour of the C8 H8 ring (c.f. Ru(C 8 H8 ) (CO) 3 
which has a limiting spectrum at ca.- 130°). 
-1 The presence of a band at 1530cm in the i.r. spectra of 
Ru(arene) (C 8 H8 ), which is not present in the spectra of 
[RuC1 2 (arene)] 2 , lends further support to the supposition that 
the C8 H8 ring has a l,2,3,4-n 4 mode of co-ordination to ruthenium. 
b . h. . h b . d 213 . ( ) d A and int is region as een assigne in Fe C8 H8 2 an 
Fe(C 8 H8 ) (C0) 3 to the unco-ordinated, conjugated double bonds in 
the c 8 H8 ring. This vibration occurs at a lower frequency 
-1 -1 [1527cm and 1562cm for Fe(C 8 H8 ) 2 and Fe(C 8 H8 ) (C0) 3 
respectively] than in free cyclooctatetraene due to the near 
planarity and consequent IT-electron delocalisation in this part 
of the ring. In l,2,5,6-n 4-C 8H8 metal complexes, the 
unco-ordinated double bonds are not conjugated, and v(C - C) 
-1 
occurs at a higher frequency (ca.1630cm ). 
Further evidence for l,2,3,4-n 4 co-ordination of the C8 H8 
ring in Ru(arene) (C 8 H8 ) is provided by the formation of a 1:1 
adduct on reaction of Ru(arene) (C 8 H8 ) with tetracyanoethylene. 
This adduct is however too insoluble for purification and 
satisfactory analytical data were not obtained. However, the 
product may be assumed to be the adduct resulting from 
1,3-exo addition of tetracyanoethylene to the co-ordinated double 
bonds of c 8 H8 in Ru(arene) (C 8 H8 ) by analogy with a similar 
reaction with Fe (C 8 H8 ) (CO) 3 214 ' 215 . 
The mass spectrum of Ru(mesitylene) (C 8 H8 ) shows a parent 
ion peak at m/e 325, together with peaks corresponding to 
[Ru(mesitylene)]+ and [RuC 8 H 8 ]+. 
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The reaction of [RuC1 2 (mesitylene)] 2 with carbon monoxide 
in the presence of lithium metal gives a ruthenium carbonyl 
complex which has been characterised by its i.r. spectrum and by 
elemental analysis as Ru 3 (C0) 12 • The low yield (15%) of 
Ru 3 (C0) 12 obtained in this reaction may limit its use as a 
preparative route since other routes to Ru 3 (C0) 12 requiring only 
an atmospheric pressure of CO have been reported216 , 217 . 
Several reactions were carried out on Ru(arene) (C 8 H8 ) . in 
order to determine whether these complexes are suitable for use 
as starting materials for other ruthenium(O) complexes. It was 
found, however, that in the majority of reactions, mixtures of 
products are obtained. 
Treatment of Ru(C 6Me 6 ) (C 8 H8 ) with carbon monoxide at 
atmospheric pressure gives a mixture of ruthenium carbonyl 
products, which can be separated by chromatography. Elution with 
hexane gave two yellow bands the first of which gave the main 
-1 . product which has carbonyl bands at 2068,2008, and 1995cm in 
its i.r. spectrum (hexane solution) and a singlet resonance at 
T4.68 in its n.m.r. spectrum (CDC1 3 solution). From these data 
this product is suggested to be Ru(C 8 H8 ) (C0) 3 by comparison with 
h . 1 d . 218 d 209 d f h. t e previous y reporte i.r. an n.m.r. ata or tis 
-1 
complex [v(CO) = 2070,2010,1996cm (heptane solution); 
T4.79 (solvent unknown)]. 
The second band eluted with hexane gave a very low yield of a 
yellow complex which showed only one carbonyl stretching 
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-1 frequency, at 2014cm . A third yellow complex was eluted with 
benzene. The i.r. spectrum of this complex showed six carbonyl 
stretching frequencies, at 2078,2050,2024,2000,1980 and 183lcm- 1 
(CHC1 3 solution). The extremely low yields of these second and 
third complexes precluded further characterisation. 
A similar reaction carried out on Ru(mesitylene) (C 8 H8 ) 
gave Ru(C 8 H8 ) (C0) 3 only (i.r. identification). No other carbonyl 
products were observed. 
The reaction of Ru(C 6Me 6 ) (C 8 H8 ) with either 
trifluorophosphine or dimethylphenylphosphine gave mixtures of 
products in very low yields. Attempts to separate these mixtures 
were unsuccessful. However, n.m.r. evidence suggests the 
presence of both ruthenium-~examethylbenzene and ruthenium-
cyclooctatetraene phosphine complexes. 
The protonation of Ru(arene} (C 8 H8 ) 
Several modes of co-ordination to a transition metal have 
been observed for the protonated cyclooctatetraene species 
C8 H9+. For example, protonation of Fe(C 8 H8 ) (C0) 3 has been shown 
to lead via the cyclooctatrienyliron tricarbonyl cation to the 
bicyclic complex, bicyclo [5.1.0] octadienyliron tricarbonyl 
[Figure 4.3(a)] 2191220 . Protonation of Ru(C 8 H8 ) (C0) 3 , however, 
leads to either a l,4,5,6,7-n 5 - or a l,2,5,6,7-n 5-cyclic structure 
[Figures 4.3(b) and (c) respectively] which is thoughtto be formed 
~ .. ... 0 H ' -60 \ 
H ' Fe(C0)3 ) (±) / H ;' 
---
,, 
Fe(C0)3 
(a) Bicyclo[s.1.o]octadienyliron tricarbonyl 
H 
+ -M = Ru(C0)3 PF6 
5 (b) 1,4,5,6,7-77 -C8 H9 
H 
... 
' \ 
\ 
H 
5 (c) l,2,5,67-77-C8H9 
I 
I ---'...----co--~--M-
Figure 4.3 Modes of co-ordination of the C8 H9 moiety 
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h . 1· . 221 . f via t e bicyc ic species Protonation o 
Os(l,2,3,4- n4 -C 8 H8 ) (CO) 3 221 generates a mixture of the 
bicyclic and l,2,5,6,7-n 5 C8 H9+ species. In the cobalt complex 
Co(C 8H8 ) (C 8H9 ) the C8 H9 ring is co-ordinated to the cobalt atom 
in a l,2,3,4,5-n 5 mode [Figure 4.3(d)J 222 . Cyclooctatetraene 
itself is protonated in H2 S0 4 to form a homotropylium species
223
. 
It is therefore apparent that the role of the metal is important 
in determining the isomeric form adopted by the C8 H9 + moiety. 
In the n.m.r. spectra of Ru(arene) (C 8 H8 ) 
(arene = mesitylene or hexamethylbenzene) in acidic solution, 
only seven protons for the protonated C8H8 group are observed. 
The analogous benzene complex was too unstable in solution for 
protonation to be effected before significant decomposition took 
place, and meaningful n.m.r. spectra were not obtained. The 
n.m.r. spectra of Ru(arene) (C 8 H8 ) (arene = mesitylene or 
hexamethylbenzene) in CDC1 3 /CF 3 COOH and CDC1 3/CF 3C00D solutions 
are shown in figure 4.4, (see also Table 4.2). No resonances 
were observed at higher fields (7-30T) except for the methyl 
resonances of the arene ligand. It is seen from these spectra 
that the protonated C8 H8 ligand is the same for both complexes, 
and furthermore, it also appears, from both the pattern and 
integration of the signals, that the deuterated ligand is 
identical to the protonated ligand. The same spectra are 
obtained at low temperature when the protonation is carried out 
at -70°. From these data it seems probable that a 
dehydrogenation reaction has occurred to give a C8 H7 + ligand. A 
possible structure for the complex containing this ligand is shown 
in figure 4 5, where the C8 H7 + group is suggested to be the 
hydropentalenyl group. 
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Figure 4.4. N.m.r. spectra of Ru(arene)(C8H8 ) in acid solution 
(T) 7 
'. I , 
(T) 7 
Ru(C,Me,Hc,H,) 
+ CF3 COOO 
Ru(C,Me6)(c,H,) 
+ CF3COOH 
Ru (1,3,5-C1 H3 Me 3)( C8 Ha) 
+ CF3 COOH 
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Figure 4.5 + The suggested structure for [Ru(arene) (C 8H7 )] 
The low field triplet in the n.m.r. spectra of 
+ [Ru(arene) (CsH7)] may then be assigned to H2 coupled equally 
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to H1 and H3, which themselves appear as overlapping triplets 
(approximate quartet) at T4·86 in the mesitylene complex and 
TS.49 in the hexamethylbenzene complex. The olefinic protons 
H4 and Hs form an AB pattern, at T4·45 and T4•44 (for arene = 
mesitylene and hexamethylbenzene respectively) which is further 
split by coupling with the methylene protons H6 and H7 . H6 and 
H7 appear at TS.87 in the mesitylene complex and T6.31 in the 
hexamethylbenzene complex. Apart from differences in chemical 
shift, these spectra are rather similar to those of 
bis(hydropentalenyl)iron224 and 
(hydropentalenyl) (cycloocta-l,5-diene)rhodium225 . The maJor 
difference is that in the iron and rhodium compounds the AB 
quartet of the olefinic protons is to lower field with respect to 
the cyclopentadienyl protons; also, in these compounds, the 
central proton H2 is more shielded than H1 and H3 (as is usual 
113 
for a rr-allylic system) whereas in the proposed 
[Ru(arene) (C 8 H7 )J+, H2 is less shielded than H1 and H3 . However, 
these differences may be due to the positive charge which would 
be expected to deshield the cyclopentadienyl protons and perhaps 
alter their relative positions. 
For the mesitylene derivative, proton decoupling 
experiments show that the low field triplet is coupled only to 
the resonance at T4·86, and the resonance at T4·45 is coupled to 
the resonance at T5·87, as expected for the preceding assignments. 
By treating Ru(arene) (C 8 H8 ) with HBF 4 in ether solution, 
an immediate yellow precipitate is obtained. The n.m.r. spectrum 
of this precipitate shows that it is the same species as that 
obtained by treating Ru(arene) (C 8 H8 ) with CF 3COOH. It was hoped 
that the i.r. spectra of these yellow precipitates would help in 
+ determining the structure of the C8 H7 group. However, studies 
have been hampered by the hygroscopic nature of the precipitates, 
-1 
so that although weak or medium bands are observed at ca.1650cm 
these bands cannot be assigned with confidence to a v(C = C) 
vibration due to the presence of a broad band due to water which 
also appears in this region. However, a band of medium intensity 
-1 + is observed at 765cm in the spectrum of [Ru(mesitylene) (C 8 H7 )] 
which is not present in the parent Ru(mesitylene) (C 8 H8 ) and may 
I 
arise from the olefinic C-H deformation mode of a cis-double bond. 
Similar dehydrogenation reactions to that proposed above 
have been reported previously. For example, when Ru(GeMe3)2(C0)4 
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is heated with cycloocta-1,5-diene, a 
'h d 1 1 th . 1 . bt . d ( · 4 ) 22 6 tr1 y ropenta eny ru enium comp ex is o aine Equation .2 . 
+ 
Ru 
/f" OC CO GeMe3 
.... . (4 .2) 
Similar reactions occur on treating Re 2 (C0) 10 with 
1,3- or 1,5-cyclooctadiene (Equation 4.3) 227 and on treating 
Co(l,2,3-n 3-C 8 H1 3 ) (1,5-C 8 H 12 ) with excess cycloocta-1,5-diene 
(Equation 4.4) 228 . 
> 
. ... . (4. 3) 
... .. {4.4) 
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Furthermore, Mn 2 (CO) 10 reacts with acetylene to form 
hydropentalenylmanganese tricarbonyl which may be reduced to 
trihydropentalenylmanganese tricarbonyl which is also formed by 
the reaction of Mn 2 (CO) 10 with cyclooctatetraene 
(Equation 4.5) 2291230 . 
600 psi 
Mn(C0)3 
..... (4.5) 
< 
Mn(C0)3 
TABLE 4.1 
N.m.r. data for (arene) (cyclooctatetraene)ruthenium(O) 
a b 
complexes-'-
Compound 
Ru ( C 6H 6 ) ( C 8H 8 ) 
Ru ( 1 , 3 , 5-C 6 H 3Me 3 ) ( C 8 H 8 ) 
Ru ( l , 3 , 5 - C 6 H 3Me 3 ) ( C 8 H 8 ) c 
C Ru(C6Me6) (CsHs)-
Arene 
protons 
Cyclooctatetraene 
protons 
5.29 (s) 
5.48 (s) ,8.19 (s,CH3) 
5. 0 5 ( s) , 7. 8 6 ( s, CH 3) 
7. 87 (s,CH3) 
4.67(s) 
4.80(s) 
5.03(s) 
5.09(s) 
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a Measured in c 6D6 at ~34° except where stated otherwise; 
chemical shifts (T) relative to SiMe 4 as internal standard. 
b Abbreviation: s, singlet. 
c Measured in CDCl 3 
TABLE 4.2 
N.m.r. data for [Ru(arene) (C 8H7ll_+ a,b,c 
Compound H2 H1 H4 H6 Arene 3 5 7 protons I I I 
[Ru ( C 6 Me 6 ) ( C s H 7 ) ] + 4.04(t) 5.49(q) 4.44(m) 6.3l(m) 7.75(s,CH3) 
[Ru(l,3,5-C6H3Me3i 
(CsH7)] 3.80(t) 4.86(q) 4.45(m) 5.87(m) 3.86(s), 
7.68(s,CH3) 
a Measured in CDCl3 to which one drop of CF 3COOH was added, 
at ~34°; chemical shifts (T) relative to SiMe 4 as 
internal standard. 
b Abbreviations: s, singlet; t, triplet; q, quartet; 
m, multiplet. 
c For labelling of protons see figure 4.5. 
EXPERIMENTAL 
All reactions were carried out in a dry nitrogen 
atmosphere. For details of physical measurements and the 
preparation of [RuC1 2 (arene)] 2 and RuC1 2 (arene)py see the 
experimental section of Chapter 2. 
(~ 6-mesitylene) (n 4 -cyclooctatetraene)ruthenium(O), 
Ru(l,3,5-C6H3Me3) (CsHs) 
- - -- -
1. Cyclooctatetraene (0·23g,2·2mMol) was added to small 
pieces of potassium metal (0·17g,4·4mg-Atom) in freshly 
distilled THF(30ml) at -30°. The mixture was stirred for 2h, 
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was continued for a further 4h. THF was removed under reduced 
pressure, and the residue extracted with hexane to give an 
orange solution which on evaporation to small volume and cooling 
to -78° gave orange crystals of the complex (0-2lg, 25%). 
Found (%): C,62·7; H,6·3; M.W. (mass spectrum), 325. 
RuC 17 H20 requires: C,62·75; H,6·2; M.W., 325. 
2. In a similar experiment, a mixture of cyclooctatetraene 
(O·lg, lmMol), potassium metal (0·075g, 1·9mg-Atom), and 
RuC1 2 (1,3,5-C 6H3Me 3)py (0·3g,0·8rnMol) was stirred in THF(30ml) 
for 4h at -30°. The product was worked up as in 1 above, to 
give Ru ( l , 3 , 5-C 6 H 3 Me 3 ) ( C 8 H 8 ) in 2 8 % yield . 
3. In a similar experiment to 2 above, using sodium metal 
instead of potassium, Ru (1, 3, 5-C 6H3Me 3 ) (C 8 H8 ) was obtained in 
24% yield. 
4. In a similar experiment to 2 above, using lithium metal 
instead of potassium, and stirring for 6h at -30°, 
(n 6 -hexamethylbenzene) (n 4-cyclooctatetraene)ruthenium(O), 
Ru(C 6Me 6 )_.J_g_ 8 H8 ) 
Ru(C 6Me 6 ) (C 8H8 ) was prepared as in 1 above from 
[RuC1 2 (C 6Me 6 )] 2 , and obtained as an orange precipitate from a 
hexane solution at -78° (55% yield). 
Found (%): 
RuC 20 H26 requires: 
C,65·6; H,7·0. 
C,65•4; H,7·1. 
(n 6-benzene) (n 4-cyclooctatetraene)ruthenium(O), 
Ru(C5H5) (CsHs) 
1. Cyclooctatetraene (0·2lg, 2mMol) was added to small 
pieces of sodium metal (O·lg, 4·3mg-Atom) in freshly distilled 
THF(30ml) at -30°. The mixture was stirred for 2h, 
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[RuC1 2 (C 6H6 )] 2 (O·Sg, lmMol) was added, and stirring was 
continued for a further 4h. THF was removed under reduced 
pressure and the residue was extracted with hexane. Evaporation 
to dryness of the yellow hexane solution gave a dark orange 
solid which refused to crystallise. It was identified as 
Ru(C 6H6 ) (C 8H8 ) from its n.m.r. spectrum. Its instability 
precluded further purification or obtaining analytical data. 
2. Cyclooctatetraene (0·24g, 2·3mMol) was added to potassium 
metal (0·18g, 4·6mg-Atom) in THF(lOml) at -30°. The mixture 
was stirred for Sh when all the potassium had reacted leaving 
a brown solution. To this solution was added a suspension of 
RuC1 2 (C 6 H6 )py (O·Sg, l·SmMol) in THF(8ml) at -10°. The 
solution was allowed to warm to room temperature and was left 
overnight. The solution was evaporated to dryness under 
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reduced pressure and the residue extracted with pentane to give 
a yellow solution. On cooling to -78° a yellow precipitate was 
formed. The mother liquor was pipetted off, and the precipitate 
was dried in vacuo. This precipitate formed an orange oil at 
room temperature. 
Reaction of Ru(C 6 H6 ~ 8H8 ) with tetracyanoethylene 
A solution of Ru (C 6 H6 ) (C 8 H8 ) (0·05g) in benzene (10ml) 
was treated with a slight excess of tetracyanoethylene (0-025g). 
On warming to 60° for lh, a brown precipitate formed: this was 
filtered, washed with benzene and methanol and dried in vacuo. 
The insolubility of the product precluded further purification 
(0·07g). 
Found (%): C,51·8: H,4·5: N,10·3. 
Reaction of [RuC1 2 (mesitylene)] 2 with CO in the presence of 
Li metal 
A suspension of [RuC1 2 (mesitylene)] 2 (0·15g) in freshly 
distilled THF(15ml) was stirred with lithium metal (O·Olg) at 
room temperature while CO was bubbled through the mixture for 
24h. The resulting solution was evaporated to dryness under 
reduced pressure. Extraction of the residue with pentane 
followed by chromatography on alumina (with CHC1 3 as eluant) 
and evaporation of the solvent, gave orange crystals of 
Found (%): 
v (CO) (hexane) : 
C,23·0. 
C,22·5. 
2061 (s), 2029 (s), 2012 (m). 
Previously reported231 v(CO) (CCl4) :2061(s) ,2032(s) ,2015(m). 
CO was bubbled through a stirred solution of 
Ru(C 6Me 6 ) (C 8 H8 ) (O·lg) in hexane (15ml) at room temperature 
for 3h. The resulting solution was chromatographed on neutral 
alumina which separated three products. The first band 
(eluted with hexane) was identified as Ru(C 8 H8 ) (C0) 3 by 
comparison of its i.r. and n.m.r. spectra with previously 
t d d t 205,213 repor e a a . The second (hexane eluted) and third 
(benzene eluted) bands gave such low yields of products that 
characterisation was not possible. 
A similar reaction carried out by bubbling CO through a 
dichloromethane solution of Ru(l,3,S-C 6 H3Me 3 ) (C 8 H8 ) gave only 
one band on chromatography. This was shown to be Ru(C 8 H8 ) (C0) 3 
(i.r. identification). 
A solution of Ru(C 6 Me 6 ) (C 8 H8 ) (O·lg) in hexane (15ml) was 
treated with dimethylphenyl phosphine (O·llg, 3 equiv . ) at room 
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temperature for 4h. The solution was evaporated to dryness 
under reduced pressure and the residue was extracted with 
dichloromethane. Chromatography of this extract on neutral 
alumina (elution with benzene) gave a yellow solution which 
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was shown to contain a mixture of cyclooctatetraene and 
hexamethylbenzene ruthenium phosphine complexes (n.m.r.evidence). 
Reaction of Ru(C 6Me 6 ) (C 8 H8 ) with PF 3 
----
(0·05g) . in C6 D6 in an 
n.m.r. tube was treated with PF 3 • After 15 minutes the solution 
contained mainly unreacted Ru(C 6Me 6 ) (C 8 H8 ) together with some 
free hexamethylbenzene. After 45 minutes, all the 
Ru(C 6Me 6)(C 8 H8 ) had reacted. The n.m.r. spectrum showed the 
presence of some free hexamethylbenzene and some free 
cyclooctatetraene, but clearly a mixture of hexamethylbenzene 
and cyclooctatetrqene ruthenium complexes was also present. 
Reaction of Ru(arene) (C 8 H8 ) with H+ 
1. A solution of Ru(C 6Me 6 ) (C 8 H8 ) (0·05g) in CDCl 3 in an 
n.m.r. tube was treated with one drop of CF 3COOH. The colour 
of the solution immediately became pale yellow. The n.m.r. 
spectrum of this solution is shown in figure 4.4. 
A similar reaction was carried out using one drop of 
freshly prepared CF 3 C00D. 
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2. HBF 4 (1ml of a 43% aqueous solution) was added to a 
solution of Ru (C 6 Me 6 ) (C 8 H8 ) (0 · lg) in ether (15ml). An 
immediate yellow precipitate was formed. This was filtered off, 
washed with ether and dried in vacuo (0·07g). 
Similar reactions to 1 and 2 above were carried out on 
(For n.m.r. data see Figure 4.4). 
CHAPTER 5 
FINAL DISCUSSION 
Chapters 2 and 3 have described the preparation, 
structure and reactions of the arene-ruthenium complexes 
[RuC1 2 (arene)] 2 and RuC1 2 (arene)L, and have demonstrated that 
an extensive range of stable arene-ruthenium complexes may be 
obtained. It seems likely that an analogous series of 
arene-osmium complexes could be prepared by the same method. 
The osmium series could prove especially useful with respect to 
evidence for a non-planar arene ring in solution. It is 
generally, but not always true, that as a transition metal 
triad is descended the energy barrier to fluxional behaviour 
increases. Thus, for example, in the series 
M(CsHs) (CO) 3 (M = Fe,Ru, or Os) 204 - 2071209 - 211 the fluxional 
behaviour is frozen out at a higher temperature in the osmium 
complex than in the ruthenium complex, with the iron complex 
having the lowes~ energy barrier to fluxional behaviour. In 
the series M(C 5Me 5 ) [C 6 (COOMe) 6 ] (M = Rh,Ir) 102 , the rhodium 
I 
complex shows flukional behaviour whereas the iridium complex 
I 
I 
does not. It is possible, therefore, that by a low temperature 
n.m.r. study of OsC1 2 (arene)L, evidence for a non-planar arene 
ring in solution could be obtained. 
The non-planar arene ring in RuC1 2 (arene) (PMePh 2 ) 
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(arene = benzene or p-cymene) may be expected to be a general 
phenomenon in transition metal complexes where the ligands trans 
to a carbocyclic ligand have differing trans influences. 
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This effect may have some significance in the organic chemistry 
of such distorted aromatic ligands in that, given the 
appropriate conditions such as low ring IT-electron density and 
a great difference in the trans bond weakening effects of the 
trans ligands, significant olefinic character could be given 
to the aromatic ligand. 
A comparison with the series of complexes Cr(arene) (C0) 3 
was made with the arene exchange reactions carried out on 
RuC1 2 (arene)L. It was noted that the higher oxidation state of 
ruthenium compared to chromium in the arene complexes might have 
an effect on these reactions in that a-bonding is more 
important and thus a Ru-arene bond with an arene ring having 
electron-withdrawing substituents is disfavoured. It is clear, 
however, that as in Cr(arene) (C0) 3 , the arene ring in 
arene-ruthenium complexes has a greater susceptibility to 
nucleophilic attack than the uncomplexed arene. For example, 
Zelonka and Baird152 have shown that [RuC1 2 (C 6 H6 )] 2 undergoes 
H-D exchange in basic solution, under conditions where free 
aromatics do not react. 
The similarity between [RuC1 2 (arene)] 2 and the 
isoelectronic [RhC1 2 (C 5Me 5 )] 2 is particularly striking, 
especially with respect to the lability of the chloride ions. 
+ Both complexes form the cationic species [M 2 Cl 3 (carbocycle) 2 ] 
quite readily, and in both complexes the chloride ion is 
readily substituted by both anionic and neutral ligands 174 . 
might therefore be expected that a range of (arene)ruthenium 
d . 1 f' 1 . ·1 h b . d232,233 f io e in comp exes simi ar tot ose o taine rom 
It 
[M(C 5Me 5 ) Cl 2 ] 2 (M = Rh,Ir) by reaction with the diol e fin in t he 
presence of ethanol and base, could be prepared. 
The use of the cyc looctatetraene dianion to prepare 
ruthenium(O) complexes appears to be of general synthetic 
utility. If the problem of obtaining a mixture of products 
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from the reaction of such ruthenium(O ) complexes with various 
ligands can be overcome, or if such mixtures can be successfully 
separated, a wide range of ruthenium(O) complexes may be 
conveniently prepared. The catalytic behaviour of both 
196 212 Fe(CsHs)2 and Ru(NBD) (C 8 H8 ) (NBD= norbornadiene) in 
hydrogenation and oligomerisation reactions provides an interest 
in the preparation of ruthenium(O) complexes containing a 
n 6 -C 8 H8 moiety. The preparation of Ru(C 8 H8 ) 2 would be 
particularly interesting in this respect as well as for a study 
of its fluxional behaviour. 
Ru(CsH 8 ) 2 can be prepared by 
Preliminary results suggest that 
the reaction of [RuC1 2 (C 8 H8 )] 129 n 
with K2 C8 H8 , although the product is unstable and is obtained 
in rather low yield. 
The inability to freeze out the fluxional behaviour of 
the C8 H8 ring in Ru(arene) (C 8 H8 ) is surprising since the 
210 
n.m.r. spectrum of the analogous Ru(C 8 H8 ) (C0) 3 shows 
inequivalence of the C8 H8 protons at -100°. Obviously a much 
lower energy barrier to the fluxional behaviour exists in 
Ru(arene) (C 8 H8 ) and this might be a consequence of the higher 
local symmetry of this molecule compared to Ru(C 8 H8 ) (C0) 3 and 
the known very low barrier to rotation of the metal-arene bond. 
However, the preparation of a complex such as Ru(CsHs) (PF3)3 
wou l d probably be of great interest in the study of the 
fluxional behaviour of such molecules because of the ability 
to obtain n.m.r. spectra for all the ligand atoms in the 
molecule. 
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The proposed dehydrogenation reaction which takes place 
on the treatment of a solution of Ru(arene) (C 8 H8 ) with acid is 
quite remarkable especially considering the mild conditions 
under which this reaction takes place. Clearly a more detailed 
study of this and similar dehydrogenation reactions would be 
of interest. 
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